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ABSTRACT

DERIVATIZATION OF DIIMINE TRICARBONYL Re(I) COMPLEXES FOR
COOPERATIVE CATALYSIS AND SURFACE IMMOBILIZATION
by
Michael Eric Louis
University of New Hampshire, May, 2017

Carbon dioxide (CO2) is a known greenhouse gas and in recent years has been
identified as one of the primary contributors to global climate change. Nature utilizes
CO2 through photosynthesis in which the plants harness energy from the sun to extract
electrons from water to convert CO2 into sugars to fuel cellular activities. Using this as
inspiration, our research aims to photochemically convert CO 2 to higher value products
by designing appropriate catalytic systems. Diimine-tricarbonyl rhenium compounds
have demonstrated excellent activity in photo and electrochemical CO 2 reduction. A
low-energy pathway has been postulated in which Re(I)-based catalysts mediate CO2
reduction via binuclear interactions. However, limited experimental evidence has been
reported. We aim to design innovative photocatalytic systems based on these Re(I)
compounds and elucidate mechanistic pathways for CO2 reduction involving dimeric
interactions of the transition metal catalysts.
We have designed several approaches, including homogenous molecular templating,
physical adsorption, and surface immobilization to promote the binuclear pathway in
photochemical CO2 reduction using the Re(I) compounds. In the homogenous
approach, we attempted to template dimeric interactions by synthesizing a polymeric
xiii

Re-amidohexyl compound as well as melamine-based compounds featuring multiple
metal centers for photo and electrochemical CO2 reduction. Re(I) catalysts with
hydroxyethyl pendant groups were also synthesized to investigate catalyst interactions
with electrode surfaces. These materials provided insights regarding the effects of
integrating Re(I) catalysts into both conjugated and non-conjugated polymeric systems.
Immobilization on solid-state surfaces could potentially improve stability and recyclability
of molecular catalysts. We investigated the effects of forcing proximity of catalytic sites
on surfaces by physically adsorbing both tricarbonyl Re(I) and Mn(I) compounds in
mesoporous silica. Investigation with infrared spectroscopy revealed differences in
binding strength of CO2-adducts to the metal centers in the presence of triethylamine.
Covalent linkages were designed as another approach to promote close proximity of
surface metal sites and induce dimeric interactions. A series of covalent linkages were
investigated, including butyl, amide, and alkylamine. The electronic effects of the
linkages involved were shown to have a significant impact on the catalytic activity of
Re(I) on silica surfaces. Additionally, both monopodal and dipodal linkages were
investigated to further explore the effects of surface Re(I) sites in forced proximity.
Results obtained through this work will guide our efforts to develop robust and highly
efficient systems for artificial photosynthesis.

xiv
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I.

INTRODUCTION: CATALYSTS FOR PHOTOCHEMICAL CO2 REDUCTION

1.1

Motivations

Carbon dioxide (CO2) is a well-known greenhouse gas which in recent years has been
attributed to an increase in global temperatures.1 According to climate scientists this
global temperature increase is responsible for retreating glacial sheets, seasonal timing
changes, habitat disruption, sea level increases, ocean acidification, as well as changes
in agricultural productivity.2 These changes have environmental and economic impacts
which could change the world as we know it. The global carbon cycle has for millions of
years fluctuated regularly between high and low levels of CO2. These fluctuations
correspond to increases in plant life, causing decreases in global CO 2 levels, and
decomposition of organic matter, resulting in increases in global CO2 levels. In recent
history, since the industrial revolution, humans have been using fossil fuels and
releasing CO2 into the atmosphere at a rate such that plants cannot recover the CO2
and metabolize it. This has resulted in an imbalanced carbon cycle where the rate of
CO2 release is much higher than its rate of utilization. CO2 is one of the most stable
forms of carbon on the planet and thus difficult to chemically convert to less stable,
more useful, forms such as fuels or other high value products. Finding a way to capture
and utilize CO2 as a C1 feedstock has been the focus of much research over the last
few decades.1, 3-7
Nature has evolved a way to convert CO2 into “fuels”, which in the case of plants,
sunlight, water, and CO2 are converted into useful sugars to power the plant’s cellular
activities. Photosynthesis is the process by which plants and microorganisms are able
to convert CO2 and water into useful fuel molecules using sunlight as the energy input. 3
1

Photosynthesis is approximately 1% efficient and provides inspiration to our research to
investigate ways in which we can harness the sun’s energy to convert CO2 into more
useful carbon based products. Direct CO2 reduction via the one-electron pathway has a
potential of -1.9 V versus NHE (Equation 1-1) which is extremely high. Reactions can be
coupled with multiple proton and electron equivalents to overcome the necessary
reduction potential as shown in Equations 1-2 through 1-6.8
CO2 + e → CO2

E° = -1.9 V

(Equation 1-1)

+
CO2 + 2H + 2e → HCO2H

E° = -0.61 V

(Equation 1-2)

+
CO2 + 2H + 2e → CO + H2O

E° = -0.52V

(Equation 1-3)

+
CO2 + 4H + 4e → HCHO + H2O

E° = -0.48 V

(Equation 1-4)

+
CO2 + 6H + 6e → CH3OH + H2O

E° = -0.38 V

(Equation 1-5)

+
CO2 + 8H + 8e → CH4 + 2H2O

E° = -0.24 V

(Equation 1-6)

The coupling of CO2 with multiple electrons and protons greatly reduces the potential
necessary to reduce CO2 to various products. However, it is very challenging to
accumulate multiple the local electron and proton equivalents necessary for CO2
reduction. Carbon monoxide dehydrogenase is an enzyme which uses a bimetallic
Nickel-Iron metal cluster to oxidize CO to CO2.4 Using a two-metal system to carry out
reductive processes, multiple electron equivalents can be generated on separate metal
centers, greatly reducing the energy necessary to generate two electron equivalents.
Drawing upon this inspiration, we aim to create a system which can undergo
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cooperative catalysis using two metal centers to achieve CO2 reduction. Our approach
is to immobilize molecular catalysts on surfaces and design multi-site homogenous
catalysts in an effort to achieve bimetallic cooperative CO2 reduction. As shown in
Figure 1, two separate metal centers immobilized on a surface work together to convert
CO2 to CO. A sacrificial electron donor “D” separately reduces each metal center
followed by the formation of a CO2 adduct. This CO2 adduct is of particular interest as
the mechanism of this adduct formation is poorly understood. Upon formation of the
CO2 adduct, the two-electron reduction can occur resulting in the formation of CO.
These catalytic systems produce CO which is useful in the Fischer-Tropsch process
where CO and H2 are converted to longer chain hydrocarbons.9 If a system could be
developed to convert CO2 to CO, the CO produced could be used as a feedstock for the
Fischer-Tropsch process effectively producing fuels and other high-value hydrocarbon
products.

3

Figure 1. Cooperative CO2 reduction between two catalytic metal centers. Sacrificial
electron donor shown as "D" being oxidized to "D+".

1.2

Homogeneous Photocatalysis

Photocatalysis, the process of driving chemical reactions using light, is a promising
approach to carrying out chemical transformations using one of the most abundant
energy sources on the planet; sunlight.8,

10

The use of catalysts lowers the activation

energy necessary for a chemical reaction to occur without the catalyst being consumed
by the reaction itself. Molecular catalysts have the advantage of being highly active,
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selective as well as highly tunable due to the ability to modify the coordinating ligands.
They are, however, limited by their low stability and poor recyclability.11-12
1.2.1 Molecular Photocatalysts
Re(bpy)(CO)3Cl where bpy is 2,2’-bipyridine, has been extensively investigated as a
molecular catalyst for CO2 reduction since 1983 when Hawrecker, Lehn and, Ziessel
first published their work with this catalyst.13

Figure 2. Structure of Re(bpy)(CO)3Cl first reported by Hawrecker, Lehn, and Ziessel in
1983.

They reported a single component system capable of producing CO from CO 2 without
the presence of a photosensitizer which was highly selective for the production of CO
with no production of H2, which was quite different than many earlier artificial
photosynthetic systems. Prior to this work, many systems for CO2 reduction required
photosensitizers due to poor light absorption of the catalysts. Photosensitizers allow for
increased light absorption by absorbing light at longer wavelengths and thus increasing
the utilization of available light. Work done by Tinnemans et al. demonstrated
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mechanistic pathways for tetraaza-macrocycles of nickel and cobalt catalysts.14 Their
investigations into using photosensitizers for the chemical reduction of CO 2 led to
proposed mechanisms for H2, formate, and CO for these catalysts. The reaction showed
second-order kinetics, the authors inferred three possible pathways through which
catalysis could proceed. First, the possibility of two M-CO2 adducts reacting, secondly, a
M-CO2 complex accompanied by a second electron transfer from an additional metal
center and lastly, a concerted binuclear process. These proposed pathways are shown
in Figure 3. Shown in blue, the mechanistic pathway for hydrogen production proceeds
by the generation of a metal hydride followed by the subsequent addition of a proton
yielding H2. The production of formate, shown in red, follows the same initial metal
hydride formation but then is followed by an insertion of CO 2 into the metal hydride
bond. CO production, however, follows a slightly different mechanistic pathway where
CO2 is first coordinated to the metal center through the carbon, followed by a
protonation step, resulting in CO and OH-. Additionally, a dimeric interaction, outlined in
green, is shown for the production of CO.
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Figure 3. Proposed reaction pathways of metal tetraaza-macrocycles (either Co or Ni)
for hydrogen (blue), formate (red), CO (brown), and various mechanistic intermediates
(green).12 Reprinted with permission from Ref. 12. Copyright 2009 American Chemical
Society.

Building on this work, the authors then went on to investigate the mechanistic pathway
by which this selective reduction of CO2 occurs. In 1985, shortly after the discovery of
the Re(bpy)(CO)3Cl, also known as a Re(I) catalyst, Meyer et al. proposed two separate
one-electron and two-electron pathways for electrochemical CO2 reduction.15-16 This
work opened the door for the investigation of the CO2 reduction mechanism. With the
suggestion of two possible mechanistic pathways, researchers made efforts to elucidate
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CO2 adduct formation under photochemical and electrochemical conditions. Early
efforts to identify various Re(I)-CO2 adducts were carried out by Gibson et al. by
synthesizing several Re(I) adducts and spectroscopically characterizing them. 17 It was
postulated that catalysis occurs via a complex equilibria between a wide range of
adducts including Re(I)-based species such as, carboxylate, formate, formato, hydroxyl,
as well as dimerized Re(I) adducts. Fujita et al. proposed that a binuclear moiety was
the likely pathway by which catalysis proceeds.18 Shown in Figure 4 are the proposed
catalytic pathways for photochemical CO2 reduction using Re(I) catalysts.12 The adduct
formed prior to the second electron transfer is the mechanistic step of interest due to the
fact that it is difficult to spectroscopically characterize the formation of this species
under common experimental conditions. Due to the complexity of the reaction mixture
and the wide range of adducts formed under photocatalytic conditions it is difficult to
spectroscopically observe adduct formation during catalysis.18
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Figure 4. Proposed reaction pathways of Re(bpy)(CO)3X (X= Cl or Br) complexes for
hydrogen (blue), formate (red), CO (brown and pink), carbonate (pink), and various
mechanistic intermediates and electron sources (green).12 Reprinted with permission
from Ref. 12. Copyright 2009 American Chemical Society.

Once again, spectroscopic evidence for such reactions under actual photochemical
conditions has yet to be found. However, computational studies of these Re(I) catalysts
have resulted in various proposed pathways for CO2 reduction. In 2011, Agarwal et al.
performed computations for a rhenium hydride CO2 insertion mechanism, shown in
Figure 6.19 Their work shows a possible pathway for formate production. The proposed
pathway proceeds first by photoexcitation of the Re(I) complex causing metal-to-ligand
charge transfer. Metal-to-ligand charge transfer results from photoexcitation of an
electron residing in an orbital of primarily metal character into the π* orbital of the
bipyridine ligand, shown in Figure 5.20-21

9

Figure 5. Scheme showing MLCT transfer of Re(bpy)(CO)3Cl, where upon excitation an
electron is transfered from the t2g orbital which resides primarily on the metal center to
the π* orbital which resides primarily on the bipyridine ligand.

This excited state is then quenched by the sacrificial electron donor, in this case
triethylamine (TEA), preventing back electron transfer to the metal. This one electron
reduced species (OER) can then dissociate the chloro ligand allowing for a vacancy on
the rhenium metal center. TEA then transfers a proton to yield a rhenium hydride
complex shown in transition state 3 in Figure 6. The Re-H subsequently undergoes a
CO2 insertion followed by dissociation of formate, in turn generating the 5-coordinate
Re(I) species which can then coordinate the chloro ligand back, resulting in the
regeneration of the catalyst. This work suggests the rhenium hydride complex is
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potentially active in CO2 reduction, which had been previously suggested by Gibson et
al.17

Figure 6. CO2 reduction mechanism for Re(bpy)(CO)3Cl via rhenium hydride insertion
mechanism shown with TEA as sacrificial electron and proton donor as proposed by
Agarwal et al.19 Reprinted with permission from Ref. 19. Copyright 2011 American
Chemical Society.

Since CO2 reduction to CO is a two-proton, two-electron process, it has been suggested
that it may be thermodynamically favorable for the reaction to proceed via a dimeric
interaction. This would allow for each rhenium center involved to contribute one electron
to the reduction process instead of having two electrons reside on the same metal
center. Having two metal centers cooperatively carry out catalysis would present kinetic
drawbacks. With a three-component system involving two rhenium centers and a CO2
molecule, the likelihood of all three components interacting simultaneously would be
11

much less than a two-component system involving only one rhenium center and a CO2
molecule. A computational study in 2012 by Agarwal et al. demonstrated a mechanism
to make CO32- and CO from two CO2 molecules through a dimeric pathway.22 Shown in
Figure 7, a Re-Re dimer is initially homolytically cleaved with light irradiation generating
two neutral radical rhenium complexes which then cooperatively bind one CO2. The
energetically favorable pathway from this adduct is to insert a second CO2 molecule into
the carboxylate containing dimer followed by an isomerization in turn yielding the
formation of a carbonate containing dimer adduct and the production of CO. This
reaction is shown to be energetically favorable, however, the formation of the
carboxylate containing dimer would indicate that this is a dead catalytic pathway since
the original catalyst is not regenerated.

Figure 7. CO2 reduction mechanism for Re(bpy)(CO)3Cl involving CO2 insertion into
carboxylate dimer, resulting in the formation of a carbonate dimer and CO as proposed
by Agarwal et al.22 Reprinted with permission from Ref. 22. Copyright 2012 American
Chemical Society.
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Bruckmeier et al. prepared several tricarbonyl Re(I) catalysts which were covalently
linked in pairs in order to probe this possibility of dimeric interaction, shown in Figure
8.23 They found that aside from the relative proximity of the centers, controlled by the
length of the covalent linker, the lifetime of the OER species played a major role in the
relative CO production of the catalyst. By altering the concentration of the single site
rhenium catalysts, the authors found a strong concentration dependence with respect to
the CO production. When the catalyst was covalently linked to multiple centers, this
concentration dependence decreased indicating bimetallic chemistry was occurring.
Additionally, catalysts with longer lived OER species were more efficient catalysts, and
the variation in OER lifetime was controlled by varying the axial ligand. Based on the
OER lifetime they were able to promote bimetallic chemistry by tuning the length of the
linker. However, they found no direct evidence through kinetic analysis that would
explain a dimeric pathway.
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Figure 8. Structures of mononuclear and binuclear tricarbonyl Re(I) catalysts
synthesized by Bruckmeier et al.23 Reprinted with permission from Ref. 23. Copyright
2012 The Royal Society of Chemistry.

Electrochemical CO2 reduction using molecular catalysts has also been extensively
studied.24-29 Kubiak et al. have utilized spectroelectrochemistry to probe mechanistic
aspects of the electrochemical reduction of CO2 using molecular catalysts. They
investigated the use of derivatized bipyridine ligands to induce dimeric interactions via
hydrogen bonding, shown in Figure 9.30 Methyl acetamidomethyl groups were added to
the 4,4’ positions on the bipyridine ligand. Under electrochemical conditions using
infrared spectroelectrochemistry, they were able to observe direct dimerization of the
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rhenium catalyst. Under these conditions, they observed a change in the mechanism
through which catalysis proceeds. This approach favored the reaction pathway that was
previously proposed by Agarwal and produced both CO32- and CO.22

Figure 9. Functionalization of the bipyridine ligand at the 4,'4-positions with methyl
acetamidomethyl groups allows for hydrogen bonding between molecular catalysts
resulting in self-assembly and dimeric interactions of the Re(I) catalysts.30 Reprinted
with permission from Ref. 30. Copyright 2014 American Chemical Society.

In an investigation of solvent binding to rhenium tricarbonyl catalysts, Morimoto et al.
monitored the equilibrium of various Re(I)-Solvent species for typical solvents used in
photocatalysis,

including

acetonitrile,

N,N-dimethylformamide

(DMF),

and

triethanolamine (TEOA). In a typical photocatalytic system, either acetonitrile or DMF is
used as the organic solvent and triethanolamine is used as a sacrificial electron donor.
To probe the various solvent and electron donor interactions with the catalyst, they
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utilized infrared spectroscopy as well as mass spectrometry. In a solution of
DMF/acetonitrile, they found that the Re(I) catalyst favorably binds the acetonitrile with
an equilibrium constant K=0.66. With the addition of triethanolamine, an additional
complex was afforded, in which the terminal alcohol on the triethanolamine binds
directly to the rhenium center. This complex reaches equilibrium with the DMF
coordinated complex and then upon the addition of CO 2 to the solution an entirely new
complex is formed, shown in Figure 10. The CO2 molecule is inserted into the alcohol
bound triethanolamine complex effectively capturing CO2 and aiding in the ability of the
catalyst to undergo CO2 reduction.

Figure 10. CO2 capture by a Re(I)-TEOA complex.31 Reprinted with permission from
Ref. 31. Copyright 2013 American Chemical Society.

Tricarbonyl manganese compounds have also been studied in photochemical and
electrochemical reduction of CO2 as a lower cost analogue to the well-studied rhenium
catalysts. Since manganese is an earth abundant, early transition metal, using
manganese could prove to be much more cost effective than rhenium. 32 However, its
photochemical stability is quite poor and it has been primarily studied as an
electrocatalyst. Electrocatalysts for CO2 reduction function by accepting an electron
16

from the cathode, becoming reduced, then subsequently reducing CO 2. If this reduction
of CO2 at the first reduction potential occurs, an enhancement in the current passed
through the cell would be observed. However, if the complex is not capable of carrying
out the reduction of CO2 the observed current for the first reduction of the complex
would not increase under a CO2 atmosphere. For many diimine complexes, the first
reduction potential is reversible meaning when the applied potential is swept back an
oxidative peak would appear indicating the reduced form of the complex has been
oxidized back to its neutral form. The second reduction potential, however, is often not
reversible as the two-electron reduced form of these complexes will dissociate the axial
halide ligand resulting in a chemical change. Riplinger et al. have carried out
mechanistic investigations of the electrocatalytic pathway of tricarbonyl Mn(I) and Re(I)
catalysts.33 They reported that the Mn(I) catalyst proceeds via a protonation-first
pathway where the metal center accepts a proton prior to reduction. This is the opposite
of what they found for the Re(I) catalyst where the reduction event occurs before
protonation. Machan et al. investigated altering the axial ligand from Br to CN.34 They
found Mn(bpy)(CO)3(CN) exhibited an alteration of the mechanistic pathway under
electrocatalytic conditions when compared to Mn(bpy)(CO)3Br. The Mn(bpy)(CO)3(CN)
complex exhibited a shift to more negative first and second reduction potentials allowing
for the observation of a quasi-reversible peak at the first reduction potential. They also
reported a substantial current enhancement under CO2. Walsh et al. reported
immobilization of several tricarbonyl Mn(I) complexes in multi-walled carbon nanotube
(MWCNT) /Nafion electrodes for electrochemical CO2 reduction.35 The catalysts they
synthesized were Mn(bpy)(CO)3Br, Mn(bpy(tBu)2)(CO)3Br, Mn(bpy(COOH)2)(CO)3Br,
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and

Mn(bpy(OH)2)(CO)3Br

(where

bpy(tBu)2

=

4,4’-ditertbutyl-2,2’-bipyridine,

bpy(COOH)2 = 4,4’-dicarboxylic acid-2,2’-bipyridine, and bpy(OH)2 = 4,4’-dihydroxy-2,2’bipyridine). Mn(bpy(tBu)2)(CO)3Br/MWCNT/Nafion electrodes resulted in high activity as
well as an improvement in selectivity toward the conversion of CO 2 to CO in aqueous
solutions at pH 7. Mn(bpy(COOH)2)(CO)3Br and Mn(bpy(OH)2)(CO)3Br immobilized in
the MWCNT/Nafion showed some activity in acetonitrile but almost no activity in
aqueous solutions. The Mn(I) complexes show promise as a less expensive alternative
to Re(I) in electrocatalysis. Ishitani et al. investigated tricarbonyl Mn(I) as a
photocatalyst and reported significant formic acid under photocatalytic conditions. 36
Using 480 nm light in the presence of Ru(bpy)32+ they were able excite only the
photosensitizer and not the Mn(I) complex itself. This allowed for sustained CO2
reduction by not directly exciting the catalyst as it is known for its poor photostability.
1.2.2 Polymeric Catalysts
Few reports of tricarbonyl Re(I) catalysts for CO2 reduction in the polymeric form can be
found in the literature. Polymerized tricarbonyl Re(I) catalysts are primarily utilized in the
electrochemical reduction of CO2. Early reports from Meyer et al. demonstrated the
ability to electropolymerize vinyl bipyridine onto platinum electrodes.16 These studies
showed the polymerized catalyst exhibited higher turnover numbers than the
homogenous analogue.16 Similarly, Cheung et al. report using a dipyridylamine
tricarbonyl Re(I) complex polymerized on a glassy carbon electrode. 37 They found this
catalyst to be active for the electrochemical reduction of CO 2 to CO. In another
investigation, Sun et al. report the electropolymerization of thiophene substituted
rhenium tricarbonyl catalysts.38 In this study, they synthesized and electropolymerized
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three different thiophene substituted rhenium catalysts which showed activity in
electrochemical CO2 reduction. These new catalysts also showed marked enhancement
in stability over their homogenous analogues. In addition to incorporating the rhenium
catalyst into a polymeric backbone, thiophene polymers are conducting polymers
allowing for easy electron transport throughout the system. By immobilizing these
catalysts on the electrode surface, they were able to demonstrate a significant
enhancement in the CO production as well as the Faradaic efficiency. This is attributed
to the fact that the chemical reduction process is no longer diffusion limited now that the
catalyst is directly attached to the surface of the electrode. Interestingly, both the first
and second reduction potentials were lowered relative to the parent complex with the
thiophene derivatization.
1.2.3 Photosensitizers
Although Re(bpy)(CO)3Cl can absorb light on its own, the metal-to-ligand charge
transfer (MLCT) band for this complex is ~365 nm which corresponds to ultra-violet (UV)
light. The MLCT is an electronic transition where an electron which resides primarily in
an orbital on the metal center is excited to a higher energy orbital which resides on the
ligand. UV light corresponds to light with a wavelength between 10 nm and 400 nm. To
better utilize the solar spectrum, which has a maximum intensity at 550 nm, complexes
which absorb further into the visible light realm, 400-700 nm, are necessary.
Photosensitizers have been used to address this issue, by providing extended visible
light absorption for catalytic systems.39-41 UV light only accounts for 5% of the total solar
spectrum

leaving

the

majority

of

the

visible

light

unutilized.42

By

utilizing

photosensitizers which absorb longer wavelengths of light, more wavelengths of light
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can be harnessed, resulting in a more efficient use of the solar spectrum. Hukkanen et
al. found that for Re(bpy)(CO)3Cl systems, if a ruthenium based photosensitizer was
used, more wavelengths of light could be harvested making for a much more effective
catalytic system.43 Photosensitizers work by absorbing light and subsequently
transferring the photogenerated electron from their excited state to the catalyst. Since
Ru(bpy)32+ can absorb light in the visible light region it can harvest more of the visible
spectrum. Various factors affect the efficiency of a photosensitizer in photocatalysis,
including the excited state lifetime, absorption maximum as well as the reduction
potential. All factors must be considered when choosing an effective photosensitizer.
Ishitani et al. have investigated supramolecular Ru(II)-Re(I) complexes in CO2 reduction
extensively.44 Using a 2-propanol bridge, they covalently linked a known Ru(II)
photosensitizer to Re(I) catalysts with various ancillary ligands, as shown in Figure 11.

Figure 11. Structure of supramolecular Ru(II)-Re(I) complexes of which couple a
photosensitizer with Re(I) catalysts as synthesized by Ishitani et al.44 Reprinted with
permission from Ref. 44. Copyright 2007 The Royal Society of Chemistry.
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In studying these supramolecular complexes, they found that the covalent linkage
between the photosensitizer and the catalysts greatly enhanced the overall turnover
number (TON) for CO production. TON is a measure of catalytic activity which is a ratio
of the moles of product generated over the moles of catalyst in the system. This value
indicates how many catalytic cycles a catalyst can undergo before degrading or
becoming otherwise inactive. Previously reported Re(I) catalysts had TON<50, these
authors report TON of 232 for Ru-Re(P(OEt)3), and 160 for the mixed mononuclear
system of Ru(II) and Re(P(OEt)3) showing significant activity increase from previous
systems. Covalently linking the photosensitizer and the catalyst was shown to enhance
charge transfer from the photosensitizer to the catalyst allowing for higher turnover
numbers to be achieved. They also report that, as an ancillary ligand, triethoxy
phosphine yields better TONs since it more readily forms a solvent coordinated complex
with the Re(I) catalyst which is suggested to be the active catalytic complex.
1.2.4 Electron Donors
Electron donors are used in many CO2-reduction systems as sacrificial reagents which
are oxidized upon catalysis and non-recyclable. The need for these sacrificial reagents
stems from the fact that when the catalyst transfers an electron to the substrate and
reduces it, the catalyst is left electron deficient and needs to be regenerated for the next
turnover. In natural photosynthesis, water serves as a sacrificial electron donor when it
is oxidized to oxygen and two protons. The resulting electrons from water oxidation are
eventually transferred to the enzyme ferredoxin-NADP+ reductase (FNR) where FNR is
able to reduce NADP+ to NADPH.45 NADPH is then oxidized driving the reverse
reaction, the reduction of CO2. In artificial photosynthetic systems, various other
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sacrificial reagents are used such as aliphatic amines, aromatic amines, benzyl
dihydronicotinamide and ascorbic acid. Of these electron donors, the most common
include triethylamine, triethanolamine and 1-benzyl-1, 4-dihydronicotinamide (BNAH).
TEA was first investigated as a charge transfer complex by Nagakura. 46 Since then,
TEA has been utilized numerous times in the literature as a sacrificial electron-donating
agent for various systems. TEOA is quite similar to TEA and both undergo similar
degradation pathways upon oxidation.

Figure 12. Chemical structures of 1-benzyl-1, 4-dihydronicotinamide (BNAH) and
nicotinamide adenine dinucleotide phosphate (NADPH).
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BNAH is similar to the photosynthetic component NADPH and was originally chosen as
an analog to its biological CO2 reduction counter-part, shown in Figure 12. BNAH was
first used in the reductive quenching of Ru(bpy)32+* by Chyongjin et al. in 1984.47 BNAH
has since been utilized as a sacrificial electron donor in many artificial photosynthetic
systems.39, 48-49
1.3

Heterogeneous Photocatalysis

Heterogeneous photocatalysts for CO2 conversion to higher value products have proven
to be more robust than their molecular counterparts in addition to having better
recyclability.50-56 These heterogeneous systems are divided into primarily two classes;
bulk photoactive materials such as inorganic semiconductors and molecular catalysts
grafted onto supports.
Molecular catalysts grafted onto inert supports have been shown to enhance the
stability of the molecular catalysts and allow for spectroscopic interrogation of the solidgas interface.53 Such systems are typically designed by taking a known molecular
catalyst, derivatizing a portion of the molecule with a linker and grafting it onto a
support. In previous work, we have shown enhanced catalysis by grafting molecular
catalysts onto support materials.51-53
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Figure 13. Tricarbonyl Re(I) anchored in light absorbing periodic mesoporous
organosilica.50 Reprinted with permission from Ref. 50. Copyright 2010 American
Chemical Society.

Takeda et al. synthesized Re(I) complexes anchored to periodic mesoporous
organosilica which served to couple a light harvesting support with a molecular
catalyst.50 This was achieved by co-synthesizing a light absorbing biphenyl silane and a
propyl-sulfyl-butyl-bipyridine silane agent in the presence of a templating agent. This
resulted in both the light absorber and linked bipyridine anchored into the periodic
mesoporous organosilica. The rhenium precursor was then coordinated to the anchored
bipyridine. The mesoporous support was able to absorb 280 nm light and subsequently
transfer electrons to the catalytic rhenium centers providing enhanced resonance
energy transfer to the tricarbonyl Re(I) as well as enhanced catalysis compared to the
homogenous analogue.
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TiO2 has also been investigated as support material for designing hybrid catalytic
systems.57-60 The photophysical properties of TiO2 are well known. The band potentials
of TiO2 align well with the reduction potentials for conversion of CO2 to methanol and
methane. However, due to charge recombination in the bulk, generation of multiple
redox equivalents is difficult.60 Coupling TiO2 with molecular catalysts is one approach
research groups have tried. Windle et al. showed enhanced catalytic activity under
visible light irradiation (495 nm) for a rhenium complex immobilized on TiO 2
nanoparticles.57 They synthesized phosphonated tricarbonyl Re(I) complexes where the
phosphonate groups would anchor the catalyst to the TiO 2 surface. They demonstrated
improved stability and turnover numbers compared to previous non-dye-sensitized ReTiO2 systems. They attribute this enhancement to the extended lifetime of the reduced
tricarbonyl Re(I) species when immobilized on TiO2. Additionally, anchoring the catalyst
to the nanoparticle decreased the formation of inactive Re-Re dimers under
photocatalytic conditions.
Work done by Dubois et al. showed that by grafting Re(I) tricarbonyl catalysts onto
mesoporous silicas the overall stability of the catalyst was improved compared to
physically adsorbed rhenium catalyst.53 Derivatization of the bipyridine ligand with
amide groups altered the electronics of the catalyst, shifting the MLCT of the complex
more toward the visible range, potentially enhancing overall light absorption. 53
Additional investigations into the use of amide bonds as covalent linkers showed that
the electron donating or withdrawing abilities of the linkage group affect the
performance of the immobilized catalyst.52 Utilizing both an amide bond (carbon
attached directly to bipyridine ring) and a reverse amide (nitrogen attached directly to
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bipyridine ring), the study showed that derivatization of the bipyridine with either group
resulted in a decrease in photocatalytic activity. Activity enhancement is greater for
amide derivatized tricarbonyl Re(I) more so than the parent Re(I) complex in the
presence of the photosensitizer Ru(bpy)32+. This is attributed to an increase in the
electron transfer between the photoexcited Ru(bpy)32+ and the amide derivatized
complex and due to the presence of the electron withdrawing amide groups.

Figure 14. “Bottom-up” approach to synthesizing Re(bpy)(CO)3Cl immobilized on a silica
surface via an amide linkage as synthesized by DuBois et al.53 Reprinted with
permission from Ref. 53. Copyright 2012 Elsevier B.V.

Investigations were also performed using kaolin clay as a support to show that the local
environment of the support plays a relevant role in the formation of various adducts. 51
Similar to previous studies, the rhenium catalyst was grafted onto Kaolin using an amide
linkage and investigated using Fourier transform infrared spectroscopy (FTIR), which
uses a broad band light source and a Michelson interferometer to obtain spectra. When
mixed

with

TEOA,

this

Kaolin

sample

formed

two

primary

adducts,

a
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Re(bpy)(CO)3(OOCOCH2CH2NR2) (where R is a hydroxyethyl group) as well as a
Re(bpy)(CO)3OH. Upon light irradiation, the ratio of adducts shifted, forming more ReOH from Re(bpy)(CO)3(OOCOCH2CH2NR2). This was proven detrimental to the
catalytic activity as Re-OH is a Re(I) adduct which is inactive in catalysis.
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II.

ATTEMPTS TO ACHIEVE COOPERATIVITY VIA MOLECULAR
INTERACTIONS AND POLYMERIC TEMPLATING

2.1

Introduction

The proposed dimeric pathway for tricarbonyl Re(I) catalysts has proven difficult to
spectroscopically observe in homogenous solution. Several research groups have
characterized various adducts involved in the mechanistic pathway. 17-18, 61 Many studies
have focused on the synthesis of these adducts rather than the in-situ generation of
species. Detection of in-situ adduct formation is a much more difficult task as typical
solvents used in photocatalytic systems can interfere with the spectroscopic signatures
of the adducts formed. Fujita et al., Gibson et al. and Ishitani et al. have all shown
results confirming the presence of transient species for these types of catalysts. 17-18, 31
Kubiak et al. have gained mechanistic insight to catalytic pathways using
electrochemical methods, however the electrochemical reduction of CO 2 using metal
tricarbonyl catalysts is quite different than the photochemical pathways these catalysts
might go through.30 Using methyl acetamidomethyl groups at the 4,4’ positions on the
bipyridine of a rhenium tricarbonyl catalyst the authors were able to achieve metal-metal
dimerization under electrochemical conditions. This type of ligand derivatization allows
for hydrogen bonding interactions and aids in dimer formation. Using Infraredspectroelectrochemistry (IR-SEC) the authors were able to monitor the reduction events
of the catalyst as the potential was swept more negative. They reported that the
hydrogen bonding in fact alters the mechanism through which the electrocatalytic
reduction of CO2 proceeds. The dimeric pathway they report is similar to the
computational study Agarwal et al. reported.22 In this work, two rhenium centers
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cooperatively reduce CO2 to CO and CO3 and in this case, do so at a lower reduction
potential than the unimolecular mechanism.22
Metal organic frameworks (MOFs) have been investigated as a way to synthesize high
surface area materials with tunable porosities for catalytic applications. 62-67 MOF’s
based on pyridyl compounds can serve as a means to incorporate molecular catalysts
into such frameworks for potentially enhanced catalytic activity.68-69 Similarly, covalent
organic frameworks (COFs) provide synthetic control over the structure of pores and
conjugation of the framework itself and have been used in applications such as
catalysis, energy storage, charge transport media, and gas storage.70-79 This high
degree of synthetic control allows for well characterized pore structures and
optoelectronic properties making COF’s a good candidate for a molecular catalyst
support. In this work, we utilize COF structures to integrate molecular catalysts into the
framework to enhance charge transport throughout the material and increase electronic
communication between metal centers.
Immobilization of homogenous molecular catalysts has been an approach to enhance
the catalytic activity at the electrode surface.80-85 In recent years, various approaches to
this have been made. These range from covalent linkers, non-covalent linkers and
physical adsorption of catalysts to the electrode surface. These methods aid in
eliminating diffusion limited processes associated with electrocatalysis, as the catalyst is
already in close proximity to the electrode surface. In this work, we aim to utilize noncovalent interactions with the electrode surface by derivatizing the catalyst with
hydrogen bonding alcohol groups which could enhance catalysis and potentially induce
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dimeric interactions of the catalyst at the electrode surface if the metal centers are
within close proximity.
2.2

Experimental

2.2.1 Materials
Triethylamine (TEA), toluene, diethylether, dichloromethane (DCM) hydrochloric acid,
2,2’-bipyridine, 4,4’-dimethyl-2,2’-bipyridine, 4,4’-dicarboxylic acid-2,2’-bipyridine, 5,5’dicarboxylic
melamine,
hexane,

acid-2,2’-bipyridine,
triethanolamine,

tetrahydrofuran,

ruthenium(II)tris(bipyridine)Cl2,

dimethylformamide,
paraformaldehyde,

chloroform,

ethyl

acetate,

thionyl

chloride,

1,6-diaminohexane,
nitrogen,

Lithium

diisopropylamide (LDA), pentacarbonyl chlororhenium(I) (98%), All reagents were used
without further purification.
2.2.2 Synthesis
Synthesis of Re-DAH polymer
78.1 mg (0.32 mmol) of 4,4’-dicarboxylic acid-2,2’-bipyridine was placed in an inert
atmosphere of nitrogen and suspended in 10 mL of thionyl chloride. The mixture was
stirred for 4 hours while refluxing. After reaction completion, excess thionyl chloride, HCl
and SO2 were removed under vacuum yielding 4,4’-bis(chlorocarbonyl)-2,2’-bipyridine.
37.2 mg (0.32 mmol) of 1,6-diaminohexane was added to 20 mL of chloroform along
with 120 μL of TEA and syringed into the reaction flask with 4,4’-bis(chlorocarbonyl)2,2’-bipyridine. The reaction mixture was refluxed overnight. After reaction, the mixture
was filtered to remove any triethylammonium bromide and the filtrate was concentrated
by rotary evaporation. (83 mg, 79% yield) The resulting polymer was dissolved in
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toluene and 115.0 mg (0.32 mmol) of Re(CO)5Cl was added and the reaction mixture
was refluxed for 4 hours. The reaction was then cooled in ice water and filtered to
recover the precipitate. The precipitate was dried yielding the Re-DAH polymer. (152
mg, 76% yield).
Synthesis of melamine trimer
78.1 mg (0.32 mmol) of 4,4’-dicarboxylic acid-2,2’-bipyridine was placed in an inert
atmosphere of nitrogen and suspended in 30 mL of chloroform. An equimolar amount of
thionyl chloride 24 μL (0.32 mmol) was suspended in 20 mL of chloroform and syringed
into the reaction flask slowly. The mixture was stirred for 6 hours while refluxing. After
refluxing for 6 hours the resulting product 4-(chlorocarbonyl)-4’-carboxy-2,2’-bipyridine
was left in chloroform solution. 12.6 mg (0.1 mmol) of melamine was added to 20 mL of
chloroform along with 120 μL of TEA and syringed into the reaction flask with 4(chlorocarbonyl)-4’-carboxy-2,2’-bipyridine. The reaction mixture was refluxed overnight.
After reaction, the mixture was filtered to remove any triethylammonium bromide and
the filtrate was concentrated by rotary evaporation. The resulting ligand was dissolved
in 50 mL toluene with 115 mg of Re(CO)5Cl. The reaction mixture was refluxed for 4
hours and the resulting precipitate collected via gravity filtration and dried under
vacuum. (133 mg, 72% yield)
Synthesis of melamine polymer
78.1 mg 0.32 (mmol) of 5,5’-dicarboxylic acid-2,2’-bipyridine was placed in an inert
atmosphere of nitrogen and suspended in 10 mL of thionyl chloride. The mixture was
stirred for 4 hours while refluxing. After reaction completion, excess thionyl chloride, HCl
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and SO2 were removed under vacuum yielding 5,5’-bis(chlorocarbonyl)-2,2’-bipyridine.
12.6 mg (0.1 mmol) of melamine was added to 20 mL of chloroform along with 120 μL
of TEA and syringed into the reaction flask with 5,5’-bis(chlorocarbonyl)-2,2’-bipyridine.
The reaction mixture was refluxed overnight. After reaction, the mixture was filtered to
remove any triethylammonium bromide and the filtrate was concentrated by rotary
evaporation. The resulting COF was dissolved in 50 mL toluene with 115 mg (0.32
mmol) of Re(CO)5Cl. The reaction mixture was refluxed for 4 hours and the resulting
precipitate collected via gravity filtration and dried under vacuum. (102 mg, 55% yield)
Synthesis of 4-hydroxyethyl,4’-methyl-2,2’-bipyridine
This procedure was based on previous literature synthesis.86-87 1.0 g (4.0 mmol) of 4,4’dimethyl-2,2’-bipyridine was dispersed in 20 mL of dry THF under inert atmosphere. The
reaction was cooled to – 78 °C in dry ice acetone bath at which point 3 mL of 2 M
lithium diisopropylamide (LDA) (6.0 mmol) was syringed into the reaction mixture
dropwise. After the addition of the LDA the reaction turned a dark brown and was left
stirring for 2 hours. After the 2 hours of stirring, 0.800 g (26.6 mmol) of
paraformaldehyde was dispersed in 20 mL of dry THF and syringed into the reaction
mixture. The reaction was then allowed to warm up to room temperature for 17 hours.
The reaction was then quenched with 20 mL of water then concentrated to 20 mL by
rotary evaporation. The crude product was extracted with DCM (3x20 ml) and then
rotary evaporated to dryness. 4-hydroxyethyl,4’-methyl-2,2’-bipyridine was isolated via
chromatography on a CombiFlash using hexane/ethyl acetate gradient. The product
fractions were collected and concentrated using rotary evaporation yielding a light
yellow oil.(250 mg, 29.2% yield) 1H NMR (500 MHz, Chloroform-d) δ 8.58 (d, J = 5.0
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Hz, 1H), 8.52 (d, J = 5.0 Hz, 1H), 8.27 (1, 2H), 8.22 (s, 1H), 7.20 (d, J = 4.8 Hz, 1H),
7.13 (d, J = 4.9 Hz, 1H), 3.97 (t, J = 6.5 Hz, 2H), 2.96 (t, J = 6.8 Hz, 2H), 2.44 (s, 3H).
Synthesis of 4,4’-hydroxyethyl-2,2’-bipyridine
This procedure was based on previous literature synthesis.86-87 1 g (4.0 mmol) of 4,4’dimethyl-2,2’-bipyridine was dispersed in 20 mL of dry THF under inert atmosphere. The
reaction was cooled to – 78 °C in dry ice acetone bath at which point 12 mL of 2 M
lithium diisopropylamide (LDA) (24.0 mmol) was syringed into the reaction mixture
dropwise. After the addition of the LDA the reaction turned a dark brown and was left
stirring for 2 hours. After the 2 hours of stirring, 1.6 g (53.2 mmol) of paraformaldehyde
was dispersed in 30 mL of dry THF and syringed into the reaction mixture. The reaction
was then allowed to warm up to room temperature for 17 hours. The reaction was then
quenched with 20 mL of water then concentrated to 20 mL by rotary evaporation. The
crude product was extracted with DCM (3x20 ml) and then rotary evaporated to
dryness. 4,4’-hydroxyethyl-2,2’-bipyridine was isolated via chromatography on a
CombiFlash using hexane/ethyl acetate gradient. The product fractions were collected
and concentrated using rotary evaporation yielding white crystalline solid. (395 mg, 40%
yield) 1H NMR (500 MHz, Chloroform-d) δ 8.58 (dt, J = 5.0, 0.9 Hz, 2H), 8.28 (dq, J =
1.5, 0.7 Hz, 2H), 7.21 (ddt, J = 5.0, 1.8, 0.6 Hz, 2H), 3.98 (q, J = 6.1 Hz, 4H), 2.97 (td, J
= 6.5, 0.7 Hz, 4H).
Synthesis of Re(4,4’-dimethyl-2,2’-bipyridine)(CO)3Cl
50.9 mg (0.27 mmol) of 4,4’-dimethyl-2,2’-bipyridine was dissolved in 50 mL of toluene
along with 100 mg (0.27 mmol) of Re(CO)5Cl. The reaction mixture was refluxed at 110
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°C for 4 hours at which point it was cooled in an ice bath and allowed to precipitate
product. The precipitated product was recovered by gravity filtration and washed with
cold toluene yielding bright yellow crystalline solid. (100 mg, 74% yield) 1H NMR (500
MHz, Chloroform-d) δ 8.88 (d, J = 5.6 Hz, 2H), 7.97 (dt, J = 1.6, 0.8 Hz, 2H), 7.33 (ddd,
J = 5.7, 1.8, 0.8 Hz, 2H), 2.57 (d, J = 0.7 Hz, 6H). IR: ν CO 2021 cm-1, 1915 cm-1, 1897
cm-1.
Synthesis of Re(4-hydroxyethyl,4’-methyl-2,2’-bipyridine)(CO)3Cl
59.2 mg (0.27 mmol) of 4-hydroxyethyl-4’-methyl-2,2’-bipyridine was dissolved in 50 mL
of toluene along with 100 mg (0.27 mmol) of Re(CO)5Cl. The reaction mixture was
refluxed at 110 °C for 4 hours at which point it was cooled in an ice bath and allowed to
precipitate product. The precipitated product was recovered by gravity filtration and
washed with cold toluene yielding bright yellow crystalline solid. (120 mg, 82% yield) 1H
NMR (500 MHz, Chloroform-d) δ 8.93 (dd, J = 5.7, 0.6 Hz, 1H), 8.88 (dd, J = 5.6, 0.6
Hz, 1H), 8.11 – 8.06 (m, 1H), 8.03 – 7.97 (m, 1H), 7.42 – 7.37 (m, 1H), 7.33 (dtd, J =
5.4, 1.6, 0.8 Hz, 1H), 4.01 (t, J = 6.0 Hz, 2H), 3.04 (t, J = 5.9 Hz, 2H), 2.57 (d, J = 0.7
Hz, 3H). IR: ν CO 2021 cm-1, 1915 cm-1, 1897 cm-1.
Synthesis of Re(4,4’-hydroxyethyl-2,2’-bipyridine)(CO)3Cl
67.5 mg (0.27 mmol) of 4,4’-hydroxyethyl-2,2’-bipyridine was dissolved in 50 mL of
toluene along with 100 mg (0.27 mmol) of Re(CO)5Cl. The reaction mixture was refluxed
at 110 °C for 4 hours at which point the toluene was removed via rotary evaporation.
The crude product was dissolved in a minimal amount DCM and crashed out with
diethylether. The precipitated product was recovered by gravity filtration and washed
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with cold ether yielding bright yellow crystalline solid. (110 mg, 74% yield) 1H NMR (500
MHz, Chloroform-d) δ 8.93 (d, J = 5.6 Hz, 2H), 8.11 (s, 2H), 7.41 (d, J = 5.0 Hz, 2H),
4.01 (t, J = 6.2 Hz, 4H), 3.04 (t, J = 5.0 Hz, 4H). IR: ν CO 2021 cm-1, 1915 cm-1, 1897
cm-1.
2.2.3 Characterization
UV-visible spectra were collected using a Cary 50 Bio spectrophotometer equipped with
a Barrelino diffuse reflectance probe for analysis of powder samples with BaSO 4 as a
background material. ATR infrared spectra were collected on a Thermo Nicolet iS10
FTIR spectrometer. Diffuse reflectance infrared spectra were collected using a Thermo
6700 FTIR spectrometer equipped with a praying mantis attachment for powdered
sample analysis. Solution phase infrared spectra were collected on a Thermo 6700
FTIR spectrometer equipped with a Harrick demountable liquid cell.
2.2.4 Photocatalytic Testing
For photocatalytic CO2 reduction test, typically ~4 μmol of material was dispersed in 4
mL of 3:1 DMF/TEOA in a 8.7 mL test tube with a stir bar. The test tube was sealed with
a septum and purged with CO2 (99.999%, Airgas) for 30 minutes in dark. After purging,
the reaction mixture was irradiated with a 300 W Xenon arc lamp equipped with a water
filter and an AM 1.5 optical filter for solar simulated light, with the lamp intensity fixed at
100 mW/cm2. The head space gasses were analyzed on an Agilent 7820 Gas
Chromatograph with a Thermal Conductivity Detector (TCD) and a 60/80 Carboxen1000 packed column (Supelco).
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2.3

Results and Discussion

In order to induce dimeric interactions of rhenium tricarbonyl catalysts and monitor their
spectral signatures to elucidate mechanistic details, we have synthesized a variety of
homogenous structures. Homogeneous catalysts are catalysts that can be dissolved
into a solvent system, as opposed to heterogenous structures which utilize nano or
micro particles as surface supports and are suspended in a solvent system. First, by
incorporating a 4,4’-amide derivatized bipyridine into the backbone of an alkyl chain
polymer via synthesis of 1,6-hexyldiamine and 4,4’-dichlorocarbonyl-2,2’-bipyridine, we
attempted to force proximity of rhenium centers by integrating them in a flexible polymer
backbone. This allowed for the catalyst to function similarly to surface immobilized
amide linked catalysts but in a homogenous manner where the catalyst was solvated
entirely. Although, no substantial improvements in activity were observed. Our second
approach was to synthesize a 4,4’-amide functionalized melamine based trimer. This
again allowed for close proximity of rhenium centers while enhancing visible light
absorption by extending conjugation of the ligand with the melamine unit through the
amide bond. By extending the conjugation of the bipyridine ligand in this manner, there
should also be an enhancement in the electronic communication between metal centers
possibly leading to enhanced catalytic activity although this was not the case. Our third
approach in this study was to incorporate the rhenium catalyst into the backbone of a
melamine based COF. The aim for this material was to synthesize a high surface area
porous material in which the backbone could potentially function as a photoactive
material itself, providing electrons to the catalytic metal centers. We observed light
absorption extended further into the visible range for this material however, the catalytic
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activity was quite poor. The final approach to examining the activity of these
homogenous complexes was to synthesize one and two armed bipyridine ligands with
hydroxyethyl functionality at the 4,4’ position. This type of ligand allowed for enhanced
non-covalent interactions with electrode surfaces improving the electrocatalytic activity.
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Figure 15. Structures of various homogenous tricarbonyl Re(I) based catalysts.
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Re(4,4’-hexylamide-2,2’-bipyridine)(CO)3Cl

(Re-DAH)

was

synthesized

and

characterized using ATR-IR and UV-vis. ATR-IR shows the carbonyl bands of the
polymer at 2019 cm-1, 1922 cm-1, and 1889 cm-1 indicating the Re(bpy)(CO)3Cl was
successfully integrated into the polymeric backbone. Additionally, peaks at 1710 cm-1
and 1654 cm-1 correspond to the C=O stretches in the amide bond and terminal
carboxylic acid groups in the polymer respectively.

Figure 16. ATR infrared spectrum of Re(4,4’-amidohexyl-2,2’-bipyridine)(CO)3Cl
polymer.

Characterization using UV-vis spectroscopy shows the complex has an MLCT at 365
nm. Interestingly, the MLCT is not shifted much from that of the parent complex where

39

derivatization of the bipyridine ligand with an electron withdrawing group at the 4,4’position caused a red shift in the MLCT.

Figure 17. UV-Visible spectrum of Re(4,4’-amidohexyl-2,2’-bipyridine)(CO)3Cl polymer
in water.

Under photocatalytic conditions the Re-DAH polymer has a TON of 6.9 after 4 hours.
When compared to the parent Re(bpy)(CO)3Cl this is actually lower than the TON of
22.8 observed under the same conditions. Calculation of TON for Re-DAH polymer was
done by using the molecular weight of the repeating unit to calculate the molar amount
of rhenium centers in the system. Derivatization of the bipyridine ligand has been shown
to inhibit the catalytic activity of the complex which is the case for the Re-DAH polymer
as well.
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Figure 18. Photocatalytic CO2 reduction for a) Re(bpy)(CO)3Cl (black) vs. b) Re(4,4’amidohexyl-2,2’-bipyridine)(CO)3Cl polymer (green) under simulated solar irradiation in
a DMF-TEOA (3:1 v/v) solution.

Electrochemically this Re-DAH polymer was characterized to examine the first and
second reduction potentials as well as to probe if this catalyst was electrochemically
active. Shown in Figure 19 is the cyclic voltammogram of Re-DAH under argon (blue)
and under CO2 (red). The Fc+/Fc redox couple is used as an internal reference so that
all reduction and oxidation events are reported relative to the Fc+/Fc redox couple in
acetonitrile. From the CV under argon the first reduction potential is at -1.58 V and the
second is at -1.98 V versus the Fc+/Fc redox couple. Compared to the parent rhenium
complex with a first reduction potential at -1.86 V and the second at -2.19 V versus
Fc+/Fc there is a substantial shift to less negative reduction potential in the polymeric
form. This is likely due to the derivatization of the bipyridine ligand similar to what has
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been previously reported where the derivatization of the bipyridine ligand with an
electron withdrawing group causes this to shift anodic potentials.

Figure 19. Cyclic voltammogram of Re(4,4’-amidohexyl-2,2’-bipyridine)(CO)3Cl polymer
in acetonitrile with 1M TBAH with glassy carbon electrode a) under argon and b) under
CO2.

Additionally, a reduction peak occurs at -1.41 V which is not present in the CV of the
parent complex. Machan et al. report a less negative reduction potential for dimeric
species which may or may not be the case for the Re-DAH polymer.30 Additional
characterization would be necessary to make a definitive assignment for the reduction
process occurring at this reduced potential. There is also no current enhancement
under CO2 for this catalyst indicating that it is not electrochemically active.
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Figure 20. Cyclic voltammogram of Re(2,2’-bipyridine)(CO)3Cl in acetonitrile with 1M
TBAH with glassy carbon electrode. a) under argon and b) under CO2.

In further efforts to promote dimeric interactions, a melamine based trimer was
synthesized. This catalyst could also provide additional visible light absorption and
enhanced electronic communication between metal centers potentially increasing
catalytic activity. Figure 21 shows the ATR-IR spectra of tris(Re(4-carboxy-4’-amide2,2’-bipyridine)(CO)3Cl)-melamine with carbonyl bands at 2023 cm-1, 1902 cm-1 and
1887 cm-1. The peak at 1707 cm-1 corresponds to the C=O stretch of the amide bond.
Looking at the UV-vis spectrum the MLCT appears at 429 nm. This is as expected, due
to the electron-withdrawing amide bonds and the extended conjugation the shift in the
MLCT is even further than just amide derivatization alone. Yang et al. performed a
computational study where they varied the degree of conjugation for substituents on
bipyridine and found that the extended conjugation further lowers the energy associated
with the metal-to-ligand charge transfer.88
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Figure 21. ATR-IR of Tris(Re-(4-carboxy-4'-amide-2,2'-bipyridine)(CO)3Cl)-melamine.

Figure 22. UV-visible spectrum of Tris(Re-(4-carboxy-4'-amide-2,2'-bipyridine)(CO)3Cl)melamine in acetonitrile.
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Figure 23. Photocatalytic CO2 reduction for a) Re(4,4’-amidohexyl-2,2’bipyridine)(CO)3Cl polymer (green) and b) Tris(Re-(4-carboxy-4'-amide-2,2'bipyridine)(CO)3Cl)-melamine under simulated solar irradiation in a DMF-TEOA (3:1 v/v)
solution.

Comparing the photocatalytic activity of the Re-trimer to Re-DAH there is a significant
decrease in CO production. With a TON of only 0.5 this complex cannot even be
considered catalytic. Similar to the Re-DAH polymer, the melamine trimer TON was
calculated based on the number of rhenium metal centers present in the catalyst and
not based on the number of trimer molecules present. The poor activity of this catalyst
can likely be attributed to the extended conjugation. With such a conjugated complex,
more visible light absorption is possible, however, this could potentially be lowering the
reductive driving force of the catalyst. The conjugation also increases the likelihood of
electronic communication between the rhenium centers, this could lead to a self-
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quenching type mechanism where the excited state of the rhenium becomes very short
lived effectively decreasing catalytic activity. 89 To examine any electrocatalytic activity
the catalyst might have, a CV was run. Shown in Figure 24 is the CV of the Re-trimer
under argon (blue) and CO2 (red). The reduction potentials under argon appear at -1.88
V and -2.26 V. The first reduction potential is quite similar to the parent rhenium
complex but the second reduction potential is slightly more negative by 70 mV.
Interestingly the reduction potentials of the trimer do not shift nearly as much as the ReDAH polymer. Although derivatized in the same manner, the extended conjugation of
the trimer may be responsible for the lack of shift in reduction potentials. Under CO 2
there is no catalytic enhancement at the first reduction potential indicating this complex
is not electrocatalytically active in CO2 reduction. Due to the lack of photocatalytic and
electrocatalytic activity for this complex no further characterization was done.
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Figure 24. Cyclic voltammogram of Tris(Re(4-carboxy-4’-amide-bpy)(CO)3Cl)-melamine
in acetonitrile with 1M TBAH with glassy carbon electrode.

In order to synthesize a material which has high surface area and increased visible light
absorption, we synthesized a COF which could hopefully do this. In addition to
enhanced visible light absorption, the framework which would have extended
conjugation throughout could serve as an electron transport material to increase the
electronic communication between metal centers.90-91 Additionally, carbon nitride has
been used in photocatalytic applications and being that melamine is similar to the
repeating unit of carbon nitride it could prove to be advantageous to integrate it into the
COF structure.92-96 To have a hexagonal pore structure the 5,5’-dicarboxy-2,2’bipyridine was used to ensure a more regular structure of the COF as opposed to the
4,4’-dicarboxy-2,2’-bipyridine which would induce a strained structure. Shown in Figure
15, the structure of the Re-5,5’-amide-2,2’-bipyridine-melamine COF depicting one
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hexagonal pore unit. Extended sheets of this structure should pi-stack, similar to
graphene, generating hexagonal pores.

Figure 25. ATR-IR of of a) Re(5,5’-amide-2,2’-bipyridine)(CO)3Cl-melamine COF and b)
(5,5’-amide-2,2’-bipyridine)-melamine COF framework before Re coordination.

The ATR-IR spectra of the COF before rhenium coordination and after rhenium
coordination shown in Figure 25 indicates carbonyl bands at 2018 cm-1, 1923 cm-1, and
1892 cm-1. There is also the presence of the amide bond C=O stretch at 1728 cm-1.
Similar to the Re-trimer the UV-vis spectrum indicates a red shift in the MLCT. Shown in
Figure 26, the MLCT appears at 422 nm. This is expected with the extended
conjugation of the COF.
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Figure 26. Diffuse reflectance UV-visible spectrum of Re(5,5’-amide-2,2’bipyridine)(CO)3Cl-melamine COF.

Under photocatalytic conditions the CO TON reaches only 1.0. Similar to the Re-trimer,
the extended conjugation seems to inhibit the catalytic activity of the material. In
previous studies, it has been shown that derivatization at the 5,5’ position leads to
decreased catalysis due to a lowering of the energy of the π* orbital.97 This may be the
case for this material but as shown with the Re-timer, the electronic communication
between catalytic centers also causes a decrease in the catalytic activity.

49

Figure 27. Photocatalytic CO2 reduction for a) Re(4,4’-amidohexyl-2,2’bipyridine)(CO)3Cl polymer (green) and b) Re(5,5’-amide-2,2’-bipyridine)(CO)3Clmelamine COF under simulated solar irradiation in a DMF-TEOA (3:1 v/v) solution.

A series of three complexes was synthesized in order to probe the effects of bipyridine
derivatization with a hydroxyethyl group at the 4,4’-position. Re(dmbpy)(CO)3Cl, Re(4hydroxy-4’-methyl-2,2’-bipyridine)(CO)3Cl,

and

Re(4,4’-hydroxyethyl-2,2’-

bipyridine)(CO)3Cl provided a series of zero, one, and two armed ligands for
investigation. Solution phase infrared shows all three complexes with CO bands at 2021
cm-1, 1914 cm-1, and 1897 cm-1. Characterization using UV-vis spectroscopy shows all
three have an MLCT band at 367 nm. This is to be expected as the difference in
electronics between all three complexes should be minimal resulting in identical CO
stretching and MLCT band.
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Figure 28. UV-visible spectrum of for a) Re(4,4’-dimethyl-2,2’-bipyridine)(CO)3Cl (black),
b) Re(4-hydroxyethyl-4’-methyl-2,2’-bipyridine)(CO)3Cl (orange), c) Re(4,4’hydroxyethyl-2,2’-bipyridine)(CO)3Cl in acetonitrile.
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Figure 29. Solution phase transmission IR spectrum for a) Re(4,4’-dimethyl-2,2’bipyridine)(CO)3Cl (black), b) Re(4-hydroxyethyl-4’-methyl-2,2’-bipyridine)(CO)3Cl
(orange), c) Re(4,4’-hydroxyethyl-2,2’-bipyridine)(CO)3Cl in acetonitrile.

Under photocatalytic conditions the one-armed Re-OH achieves a TON of 15.0
outperforming both the dimethyl and two arm complexes with TONs of 12.0 and 10.7
respectively. Interestingly the one-arm complex performs the best while the two-arm
derivatization has the poorest activity. The reason for this is unclear, similar to the
methyl acetamideomethyl rhenium complex synthesized by Machan et al., this series of
catalysts could be capable of hydrogen bonding with each other due to the alcohol
pendant groups.30 Interactions such as hydrogen bonding may or may not play a role in
catalysis but no IR characterization of the solution phase under photocatalytic
conditions was done with these catalysts so elucidation of mechanistic detail is not
possible.
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Figure 30. Photocatalytic CO2 reduction for a) Re(4,4’-dimethyl-2,2’-bipyridine)(CO)3Cl
(black), b) Re(4-hydroxyethyl-4’-methyl-2,2’-bipyridine)(CO)3Cl (orange), c) Re(4,4’hydroxyethyl-2,2’-bipyridine)(CO)3Cl under simulated solar irradiation in a DMF-TEOA
(3:1 v/v) solution.

Examining the electrochemical behavior of this series of catalysts, the reduction
potentials for Re(dmbpy)(CO)3Cl are -1.92 V and -2.23 V on a glassy carbon working
electrode (Figure 32). Using FTO as the working electrode there is only one reduction
event at -2.07 V (Figure 35). Re(4-hydroxyethyl-4’-methyl-2,2’-bipyridine)(CO)3Cl shows
a first reduction at -1.93 V and a second at -2.20 V with a glassy carbon working
electrode (Figure 33). On FTO Re(4-hydroxyethyl-4’-methyl-2,2’-bipyridine)(CO)3Cl has
one reduction event as well at -1.93 V (Figure 36). Re(4,4’-hydroxyethyl-2,2’bipyridine)(CO)3Cl exhibits a first reduction at -1.90 V and -2.17 V with what looks to be
an additional reduction event occurring at -2.03 V (Figure 34). On FTO, Re(4,4’-
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hydroxyethyl-2,2’-bipyridine)(CO)3Cl shows a single reduction event at -2.04 V (Figure
37). Addition of the alcohol pendants changes the second reduction potential by 30 mV
between each of the complexes. Looking at the behavior of these complexes under
electrochemical CO2 reduction there is an increased current enhancement at the first
reduction potential for both complexes with alcohol pendant groups. This effect is
exaggerated when FTO is used as the working electrode. This is likely because the
presence of the alcohol pendant groups allows for a stronger interaction between the
catalyst and the electrode surface.

Figure 31. Spartan model of Re(4,4’-dimethyl-2,2’-bipyridine)(CO)3Cl and Re(4hydroxyethyl-4’-2,2’-bipyridine)(CO)3Cl interacting with a hydroxyl terminated silica
surface to demonstrate hydrogen-bonding interactions of alcohol pendant groups and
surface.
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Specifically, on FTO, surface oxygen atoms can interact more strongly with the alcohol
group and pseudo immobilize the catalyst to the surface via weak intermolecular
interactions. An additional feature can be seen at -0.65 V for both the Re(4hydroxyethyl-4’-methyl-2,2’-bipyridine)(CO)3Cl

and

Re(4,4’-dihydroxyethyl-2,2’-

bipyridine)(CO)3Cl. This corresponds to the oxidation of the pendant alcohol group to
the aldehyde as we do not see this peak in the dimethyl catalyst but do see increasing
current

with

additional

alcohol

pendant

groups.

For

Re(4,4’-dimethyl-2,2’-

bipyridine)(CO)3Cl on glassy carbon (Figure 32) and Re(4-hydroxyethyl-4’-methyl-2,2’bipyridine)(CO)3Cl on FTO (Figure 36) crossover events can be seen in the
voltammogram. Crossover events often correspond to metal deposition on the electrode
surface.98-99 However, for this system it may more likely correspond to a non-reversible
chemical conversion of the complex but further investigation would be needed to
determine this.
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Figure 32. Cyclic voltammogram of Re(4,4’-dimethyl-2,2’-bipyridine)(CO)3Cl in
acetonitrile with 1M TBAH with glassy carbon electrode. a) under argon and b) under
CO2.

Figure 33. Cyclic voltammogram of Re(4-hydroxyethyl-4’-methyl-2,2’-bipyridine)(CO)3Cl
in acetonitrile with 1M TBAH with glassy carbon electrode. a) under argon and b) under
CO2.
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Figure 34. Cyclic voltammogram of Re(4,4’-hydroxyethyl-2,2’-bipyridine)(CO)3Cl in
acetonitrile with 1M TBAH with glassy carbon electrode. a) under argon and b) under
CO2.

Figure 35. Cyclic voltammogram of Re(4,4’-dimethyl-2,2’-bipyridine)(CO)3Cl in
acetonitrile with 1M TBAH with FTO electrode. a) under argon and b) under CO2.
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Figure 36. Cyclic voltammogram of Re(4-hydroxyethyl-4’-methyl-2,2’-bipyridine)(CO)3Cl
in acetonitrile with 1M TBAH with FTO electrode. a) under argon and b) under CO2.

Figure 37. Cyclic voltammogram of Re(4,4’-hydroxyethyl-2,2’-bipyridine)(CO)3Cl in
acetonitrile with 1M TBAH with FTO electrode. a) under argon and b) under CO2.
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2.4

Summary

In summary, we have successfully synthesized a Re-bpy-amide-hexyl polymer, a
melamine based COF, a melamine based trimer, and a series of Re-bpy with pendant
alcohol groups. The Re-DAH showed a decrease in activity from the parent complex
likely due to the derivatization of the bipyridine ligand which has been shown in previous
studies. The integration of the rhenium tricarbonyl catalyst into a polymer backbone
showed no indication of dimeric interactions either photochemically or electrochemically.
Infrared characterization of the polymer in solution under photocatalytic conditions
would likely provide more insight as to the adduct formation for this polymer.
In the case of using melamine as a backbone, we hoped that extended conjugation of
the COF could serve as a light absorber for the material potentially enhancing the
catalytic activity. As was the case for both the COF and the melamine trimer, the
extended conjugation did shift the light absorbing properties of the catalyst further into
the visible light realm but the catalytic activity for both samples was dramatically
decreased. With both an electron withdrawing amide group directly adjacent to the
bipyridine ring and the extended conjugation of both structures the MLCT energy was
lowered significantly, likely being the reason for such poor catalytic activity.
The series of Re(4,4’-dimethyl-2,2’-bipyridine)(CO)3Cl, Re(4-hydroxyethyl-4’-methyl2,2’-bipyridine)(CO)3Cl, and Re(4,4’-dihydroxyethyl-2,2’-bipyridine)(CO)3Cl exhibited
reasonable

photocatalytic

activity

with

Re(4-hydroxyethyl-4’-methyl-2,2’-

bipyridine)(CO)3Cl being the most productive with a TON of 15.0. Electrocatalytically
these complexes demonstrated some current enhancement under CO 2 atmosphere.
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The current enhancement was more prominent with two alcohol pendant groups than
with one pendant group than no alcohol pendant groups. This indicated the alcohol
pendants allowed the catalyst to interact with the electrode surface enhancing the
catalytic current.
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III.
3.1

PHYSICALLY ADSORBED Re(I) ON POROUS SILICA MATERIALS
Introduction

Reduction of carbon dioxide to useful materials has been an area of intense research in
recent years.10, 12, 100 Utilization of inorganic molecular catalysts such as Rhenium and
Manganese based photocatalysts have been extensively investigated and are known for
their selective transformation of CO2-to-CO under solar irradiation.13,

33, 101

In previous

work done by Dubois et al., rhenium tricarbonyl was successfully physically adsorbed in
mesoporous silica, SBA-15.53 Using an approach to put rhenium metal centers in close
proximity on mesoporous silica supports, we have synthesized a host of materials to
probe the effects of confining molecular catalysts inside porous structures. The
materials investigated in this study were physically adsorbed Re(bpy)(CO) 3Cl in SBA15, Mn(bpy)(CO)3Br physically adsorbed in SBA-15, Re(bpy)(CO)3Cl physically
adsorbed in amine functionalized SBA-15, and a Re(bpy)(CO)3Cl covalently linked to
SBA-15 through a butyl linkage. When introduced to triethylamine (TEA) and CO 2, both
Re(bpy)(CO)3Cl in SBA-15 and Mn(bpy)(CO)3Br in SBA-15 exhibited interesting shifts in
the rhenium carbonyl bands of the infrared spectrum. This was found to be a result of a
carbonate adduct formed with the metal center and the surface of the SBA-15. By
altering the pressure of TEA and CO2 in the system, we were able to probe the binding
strength of the carbonate adduct with both manganese and rhenium. Neither
Re(bpy)(CO)3Cl in amine functionalized SBA-15 of the covalently bound complex
exhibited this behavior as there were no silanol groups on the SBA-15 surface for these
materials, which are crucial to the adduct formation.
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3.2

Experimental

3.2.1 Materials
Triethylamine (TEA), toluene, diethylether, dichloromethane (DCM), 3-aminopropyl
trimethoxysilane (APTMS), 3-bromopropyl trimethoxysilane, Poly(ethylene glycol)-blockpoly(propylene

glycol)-block-polyethylene

glycol)

(Pluronic

P-123),

tetraethyl

orthosilicate (TEOS), hydrochloric acid, 2,2’-bipyridine, 4,4’-dimethyl-2,2’-bipyridine,
Lithium diisopropylamide (LDA), pentacarbonyl chlororhenium(I) (98%), pentacarbonyl
bromomanganese(I). All reagents were used without further purification.
3.2.2 Synthesis
Synthesis of Re(2,2’-bipyridine)(CO)3Cl
This complex was synthesized according to previous literature methods. 102-105 108.5 mg
(0.3 mmol) of Re(CO)5Cl was dissolved in 30 mL of toluene along with 46.9 mg (0.3
mmol) of 2,2’-bipyridine. The solution was stirred and refluxed for 7 hours at 110 °C.
After refluxing, the solution was cooled in an ice bath and yellow precipitate was formed.
The yellow precipitate was subsequently filtered and dried under vacuum. (100 mg,
66% yield) 1H NMR (chloroform-d): δ 7.56 (t, 2H, 5 and 5' H's), δ 8.09 (t, 2H, 4 and 4'
H's), δ 8.21 (d, 2H, 6 and 6' H's), δ 9.09 (d, 2H, 3 and 3' H's)
Synthesis of Mn(2,2’-bipyridine)(CO)3Br
This complex was synthesized according to previous literature methods. 274.8 mg (1.0
mmol) of Mn(CO)5Br and 156 mg (1.0 mmol) of 2,2'-bipyridine were dissolved in 70 mL
of diethyl ether and refluxed for 4 h. The resulting orange solution was filtered and
yielded an orange precipitate which was washed with cold diethyl ether and
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subsequently dried under vacuum. (275 mg, 83% yield) 1H NMR (acetone-d3): δ 7.75 (t,
2H, 5 and 5' H's), δ 8.24 (t, 2H, 4 and 4' H's), δ 8.59 (d, 2H, 6 and 6' H's), δ 9.30 (d, 2H,
3 and 3' H's)
Synthesis of SBA-15
SBA-15 was synthesized according to previous literature methods.106 4.0 g of Pluronic
123 was dissolved in 125 mL of 2 M HCl at 40 °C while stirring. Then 8.5 g of TEOS
was added while stirring at 40 °C for 24 hours. The solution was transferred to an
autoclave and heated to 100 °C for 24 hours without stirring. The resulting white
precipitate was washed with water and left to dry in air overnight. The dried product was
then calcined at 550 °C for 6 hours under O2.
Synthesis of Amine Functionalized SBA-15
200 mg of SBA-15 was dispersed in 50 mL of dry toluene under a nitrogen atmosphere.
150 μmol of APTMS was added and the reaction mixture stirred for 2 days at room
temperature. The product was collected via centrifugation and washed subsequently
with toluene, diethylether, and dichloromethane then dried under vacuum.
Synthesis of Bromopropyl Functionalized SBA-15
200 mg of SBA-15 was dispersed in 50 mL of dry toluene under a nitrogen atmosphere.
150 μmol of 3-bromopropyl trimethoxysilane was added and the reaction mixture stirred
for 2 days at room temperature. The product was collected via centrifugation and
washed subsequently with toluene, diethylether, and dichloromethane then dried under
vacuum.
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Synthesis of Re(I) Butyl Linkage
29.5 mg (0.16 mmol) of 4,4’-dimethyl-2,2’-bipyridine was placed in an inert atmosphere
of nitrogen and suspended in 10 mL of dry degassed THF. The suspension was cooled
to -78 oC and 0.15 mL of 2 M LDA solution (0.3 mmol) were added via syringe. The
mixture was stirred for 30 minutes and then a suspension of 100 mg of 3-bromopropyl
silica in 2 mL of dry degassed THF was syringed in. The reaction was allowed to slowly
warm up to room temperature overnight while stirring and then quenched with 1 mL of
water. The solids were separated by centrifugation and washed with 10 mL of water,
3x10 mL of THF and 10 mL of diethyl ether. Drying under vacuum yields white powder.
The resulting white powder was then dispersed in 50 mL of toluene along with 57.8 mg
(0.16 mmol) Re(CO)5Cl and refluxed overnight to yield a light-yellow solid which was
collected via centrifugation and washed with toluene, diethyl ether, and dichloromethane
then dried under vacuum.
Physical Adsorption of Re(I) and Mn(I) Complexes on SBA-15
Re(2,2'-bipyridine)(CO)3Cl, Mn(2,2'-bipyridine)(CO)3Br, were physically adsorbed onto
SBA-15 according to a procedure by DuBois et al.53 0.06 mol of each complex were
stirred in ethanol with 200 mg of SBA-15 for 24 h and subsequently washed with fresh
ethanol and dried overnight. The same was done using Amine functionalized SBA-15
and MCM-48 with only Re(2,2'-bipyridine)(CO)3Cl.
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3.2.3 Characterization
UV-visible spectra were collected using a Cary 50 Bio spectrophotometer equipped with
a Barrelino diffuse reflectance probe for analysis of powder samples with BaSO 4 as a
background material. Surface area and pore size distributions of porous materials were
obtained using a NOVA 2200s Surface Area and Pore Size Analyzer. ATR infrared
spectra were collected on a Thermo Nicolet iS10 FTIR spectrometer. Diffuse reflectance
infrared spectra were collected using a Thermo Nicolet 6700 FTIR spectrometer
equipped with a praying mantis attachment for powdered sample analysis. Additional
solid state infrared was also run using a VPF-100-FTIR Cryostat transmission
attachment for a Nicolet 6700 FTIR.
3.2.4 Photocatalytic Testing
For photocatalytic CO2 reduction test, typically ~10 mg of material was dispersed in 4
mL of 3:1 DMF/TEOA in a 8.7 mL test tube with a stir bar. The test tube was sealed with
a septum and purged with CO2 (99.999%, Airgas) for 30 minutes in dark. After purging
the reaction mixture was irradiated with a 300 W Xenon arc lamp equipped with a water
filter and an AM 1.5 optical filter for solar simulated light, with the lamp intensity fixed at
100 mW/cm2. The head space gasses were analyzed on an Agilent 7820 Gas
Chromatograph with a Thermal Conductivity Detector (TCD) and a 60/80 Carboxen1000 packed column (Supelco).
Samples were pressed onto a tungsten grid and loaded into a VPF-100-FTIR Cryostat
transmission attachment for a Nicolet 6700 FTIR. The sample chamber was then
evacuated to ~30 mtorr for 16 h. Scans of both the sample and gas phase were taken,
then TEA vapor was introduced into the cell until a pressure of 6 torr was reached. A
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final pressure of ~100 torr was then obtained by flowing CO2 into the cell. Scans were
then taken at decreasing pressures until the initial vacuum pressure was reached. The
infrared spectra were monitored as a function of pressure.
3.3

Results and Discussion

Monitoring the infrared spectra of various metal tricarbonyl CO2 reduction catalysts both
physically adsorbed and covalently linked to mesoporous silica interesting changes in
the metal carbonyl IR bands were observed. The samples investigated were rhenium
bipyridine tricarbonyl chloride physically adsorbed into bare SBA-15 (Re-SBA-15)
(Figure 38a) as well as amine functionalized SBA-15 (Re-Amine-SBA-15) (Figure 38b).
Analogously, manganese bipyridine tricarbonyl bromide was also physically adsorbed
into SBA-15 (Mn-SBA-15). Rhenium bipyridine tricarbonyl chloride was also covalently
linked to the surface of SBA-15 via a butyl linkage attached at the 4, 4' positions of the
bipyridine ligand (Re-Butyl-SBA-15) (Figure 38c). The various local chemical
environments of the tricarbonyl catalysts have a direct effect on the adducts formed
under experimental conditions. Using solid state transmission infrared spectroscopy, we
have been able to probe the various adducts which form under these local pore
environments for these different materials.
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Figure 38. Local pore environments of a) Re-SBA-15, b) Re-Amine-SBA-15, and c) ReButyl-SBA-15.

Characterization of the SBA-15 used in this study was done by nitrogen adsorption.
Shown in Figure 39 is the nitrogen adsorption isotherm where using the BrunauerEmmett-Teller (BET) method to calculate the overall surface area gave 376 m 2/g. For
SBA-15 is a moderate surface area but more importantly the pore-size distribution,
which was calculated using Barret-Joyner-Halenda (BJH) method on the desorption
curve, was quite uniform with an average diameter of 41 Å, shown in the inset of Figure
39. With a reasonable surface area and uniform pore-size distribution we can ensure a
more homogeneous material.
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Figure 39. Nitrogen adsorption isotherm for SBA-15 characterized using BET surface
area analysis method. Inset shows pore size distribution calculated using BJH method.

Diffuse reflectance UV-vis of the three rhenium samples is shown in Figure 40, where
all of the rhenium bipyridine complexes have a MLCT band at 362 nm. This indicates
that the presence of the surface functionalized amine SBA-15 does not alter the
absorption properties of the catalyst. It has been reported that functionalization of the
bipyridine ligand does cause a change in the MLCT, however, utilization of a butyl
linkage does not have a pronounced effect on the MLCT due to its weak alteration of
the bipyridine electronics. We can see that in the UV-vis spectrum the relative
absorption values at the MLCT for Re-SBA-15 (Figure 40a), Re-Amine-SBA-15 (Figure
40b), and Re-Butyl-SBA-15 (Figure 40c) differ. Re-Amine-SBA-15 has the highest
absorbance value at 362 nm indicating that the local amine rich environment may aid in
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the retention of the rhenium bipyridine catalyst. Similarly, the butyl linkage also has a
higher absorbance than rhenium bipyridine on bare SBA-15 presumably due to the
covalent attachment preventing the loss of catalyst during any post synthetic washing.

Figure 40. Uv-visible spectra of a) Re(bpy)-SBA-15 (red), b) Re(bpy)-Amine-SBA-15
(blue), c) Re(bpy)-Butyl-SBA-15 (black).
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Figure 41. Diffuse reflectance UV-visible spectrum for a) Re-SBA-15 (red) and b) MnSBA-15 (blue).

Diffuse reflectance spectra of the three rhenium samples were also taken to show the
presence of rhenium-carbonyl bands as well as the surface functionalized amine and
butyl linkages. Figure 42a shows Re-Amine-SBA-15 with Re-carbonyl bands at 2023
cm-1 and 1904 cm-1, Re-Butyl-SBA-15 (Figure 42b) has carbonyl bands at 2024 cm-1,
1921 cm-1 and 1883 cm-1, while Re-SBA-15 (Figure 42c) has bands at 2029 cm-1, 1927
cm-1, and 1903 cm-1. These Re-carbonyl bands are indicative that the catalyst is
retained within the material. Due to the nature of the synthesis of these various
materials we can see that for Re-SBA-15 there is a distinct silanol peak remaining in the
spectrum at 3737 cm-1. This is due to the silanol groups having reacted to the silane
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coupling agent for both the Re-Amine-SBA-15 as well as Re-Butyl-SBA-15. This
difference in local chemical environment seems to have implications on the formation of
surface species within these materials.

Figure 42. Diffuse reflectance IR spectrum of a) Re-Amine-SBA-15 (blue) b) Re-ButylSBA-15 (black) and c) Re-SBA-15 (red).

Interactions of these materials with CO2 and TEA were examined using in-situ solid
state infrared. It was shown that upon introduction of CO2 and TEA in to the infrared cell
the Re-carbonyl bands for Re-SBA-15 were shifted. Under vacuum Re-SBA-15 shows
Re-carbonyl bands at 2021 cm-1, 1914 cm-1, and 1898 cm-1 upon introduction of CO2
and TEA these bands shift to 2018 cm -1, 1914 cm-1, and 1891 cm-1 respectively. This
can be seen in Figure 43 where the black trace shows vacuum conditions and the red
trace shows the material in a CO2 TEA environment. However, this behavior was not
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found to exist in either the Re-Amine-SBA-15 or the Re-Butyl-SBA-15 as shown in
Figure 44 and Figure 45. Fujita et al. reported a similar rhenium tricarbonyl complex with
the bipyridine functionalized with a methyl group at the 4,4' positions forming a
bicarbonate rhenium species giving carbonyl infrared stretches at 2017 cm-1, 1912 cm-1,
and 1886 cm-1.107-108 We report the formation of a similar rhenium adduct involving the
presence of surface silanol groups on the silica supports. Re-SBA-15 both exhibit this
shift in the carbonyl bands as TEA and CO2 are introduced into the cell, followed by a
reversible shift to the initial band positions of 2021 cm-1, 1915 cm-1, and 1897 cm-1, as
the CO2 and TEA are gradually pumped out of the system. This shift is also observed in
the Mn-SBA-15 system where the carbonyl bands initial positions are found to be 2029
cm-1, 1935 cm-1, and 1924 cm-1 and upon introduction of CO2 and TEA they shift to
2025 cm-1, 1932 cm-1, and 1915 cm-1 respectively. The relative shifts in the infrared
spectrum are almost identical to that of the Re-SBA-15 system and also exhibit the
same reversibility.
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Figure 43. Solid state transmission IR spectra of Re(bpy) in SBA-15 under a) CO2 and
TEA (red) and b) under vacuum (black).

Figure 44. Solid state transmission infrared spectra of Re(bpy) in amine-SBA-15 under
a) CO2 and TEA (red) and b) under vacuum (black).
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Figure 45. Solid state transmission infrared spectra of Re(bpy)-Butyl-SBA-15 under a)
CO2 and TEA (red) and b) under vacuum (black).

Based on the infrared data for the various samples, it can be seen that the carbonyl
bands indicate a bicarbonate adduct as previously reported in the literature 107-108 and
the presence of surface silanols as indicated by the DRIFTS spectra both play a role in
the observed shifts seen in the infrared spectra. Figure 46 shows the mechanism by
which this metal-bicarbonate adduct forms in the presence of surface silanol groups on
unfunctionalized silica. The introduction of TEA into the local environment of Re-SBA-15
results in deprotonation of the surface silanols present in the sample followed by
carbonate formation at the deprotonated surface site. The surface carbonate is then
able to interact with the rhenium bipyridine contained within the pores of the SBA-15
resulting in a rhenium-carbonate adduct. The resulting changes in the infrared support
the formation of such an adduct.
74

Figure 46. Reaction scheme for the formation of surface bound rhenium bicarbonate in
the presence of surface silanol groups, TEA and CO2.

To quantify the carbonyl peak shift in the infrared spectrum, a line between the two
lower wavenumber peaks was draw tangentially to the two maxima. The resulting area
between the two lower bands was integrated to obtain a value which could be plotted
against the corresponding pressure. When plotting the integrated peak area for both
Mn-SBA-15 and Re-SBA-15 as seen in Figure 47, Langmuir binding behavior can be
observed. Since the adduct formed can only form on the silica surface, we assume
monolayer coverage at the maximum pressure. This allows for the use of Langmuir
fitting. The rhenium metal center shows a stronger affinity for the surface bound
bicarbonate than the manganese catalyst. We can see the gradual constant release of
the adduct from the manganese catalyst as the pressure is decreased where as for the
rhenium species a more delayed release where the adduct does not begin to release
until the pressure reaches ~20 torr. This behavior is indicative of the relative binding
strength of manganese tricarbonyl and rhenium tricarbonyl CO2-reduction catalysts with
these surface bound bicarbonates. Looking at the bond dissociation energies of Re-O
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and Mn-O bonds, these results correlate to reported literature values. The Re-O bond
dissociation energy is reported to be 627 kJ mol-1 where the Mn-O bond dissociation
energy is 362 kJ mol-1.109

Figure 47. Normalized splitting of carbonyl bands for a) Re-SBA-15 and b) Mn-SBA-15
as a function of the total pressure in the IR cell.

The initial pressure of TEA within the system was also varied and the infrared splitting
was monitored in the same fashion. Starting pressures of TEA were measured at 4 torr,
6 torr, 7 torr and 8 torr for Re-SBA-15 and Mn-SBA-15. With increasing TEA in the
system, the retention of the adduct increased resulting in a slower release of the bound
TEA CO2 adduct to the metal center. Increasing the TEA pressure within the cell forces
the equilibrium to shift to bind more of the adduct to the metal centers resulting in a
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slower release of the adduct as the total pressure is decreased. Shown in Figure 48 are
the calculated Langmuir binding constants for the release of the TEA CO2 adduct from
the various samples with varying initial TEA pressures. Based on the Langmuir fits of
the varying TEA pressure, taking the inverse of the Langmuir fit we were able to extract
binding constants for both the rhenium and manganese systems. With an increase in
relative TEA pressure in the cell, Re-SBA-15 exhibits a continuous increase in the
binding strength of the adduct. A similar behavior can be seen for Mn-SBA-15 but with
much less of a pronounced shift in the equilibrium.

Figure 48. Calculated Langmuir binding constants for a) Re-SBA-15 (red) and b) MnSBA-15 (blue).
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3.4

Summary

In summary, we report the formation of a surface bound bicarbonate adduct which
forms with both rhenium and manganese diimine carbonyl complexes in the presence of
surface silanol groups. The formation of this adduct is also facilitated by the presence of
TEA due to the deprotonation of the silanols resulting in greater formation of the adduct.
The formation of this bicarbonate adduct is reversible under reduced pressure and
based on the binding data it is evident that the rhenium metal center binds more
strongly than the manganese center. These findings have particular relevance to
identifying the manner in which CO2 interacts with these types of photocatalysts and
could give insight into mechanistic pathways.
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IV.

SURFACE IMMOBILIZATION OF MOLECULAR CATALYSTS ON SILICA
SURFACES
4.1

Introduction

Previously, a variety of metal based photocatalysts have been used for solar CO 2
reduction. Many of these catalysts have exhibited good turnover and selectivity under
optimized photocatalytic conditions. Re(I) based photocatalysts, since their discovery in
the early 1980’s, have shown high selectivity for CO production over other products
such as H2 and formic acid.13,

16, 110

Some of the drawbacks to transition metal based

molecular photocatalysts such as this, are their stability under photochemical
conditions, the ability to recycle the catalyst after use, and the ability to absorb light
across most of the visible spectrum which calls for the use of additional
photosensitizers. Since it has been postulated that these Re(I) catalysts proceed
through a dimeric mechanism, grafting these molecular catalysts could serve as an
approach to address stability, recyclability, as well as promote the binuclear chemistry
by forcing close metal center proximity on a surface. In the present study, Re(I)
catalysts are grafted onto inert support materials to investigate the effects of surface
immobilization as well as various derivatizations of the bipyridine ligand and how these
affect the conversion of CO2 to CO.
Hybridization of catalysts has been shown to be a promising approach to address the
drawbacks of homogenous transition metal based photocatalysts.111-112 Various
approaches have been used to heterogenize molecular catalysts with support materials
such as the use of carboxylate or phosphonate groups as more labile bonds as well as
more robust covalent linkages.53, 113-115 The support materials typically used for these
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studies have included inert mesoporous silicas, mesoporous organosilicas,50, 116 as well
as metal-organic frameworks.56, 69, 117 Dubois and coworkers successfully immobilized a
rhenium tricarbonyl catalyst on an inert support material via a covalent amide linkage. 53
Using a primary amine silane coupling agent the authors first coated silica with primary
amine groups. Using 4,4’-dicarboxylic acid-2,2’-bipyridine and thionyl chloride they
separately generated an acyl chloride bipyridine which was then reacted to the primary
amines on the silica surface forming an amide bond. Using an amide linkage to
covalently link the catalyst to the surface of a mesoporous silica support, SBA-15,
allowed for enhanced stability of the catalyst as well as a higher catalytic turnover
compared to physically adsorbed rhenium catalyst. In order to link the catalyst to the
surface it was necessary to derivatize the bipyridine ligand at the 4,4’ position. This
derivatization resulted in a 35 nm red shift in the MLCT of the rhenium complex allowing
for the absorption of more visible light. An approach such as this could template the
rhenium centers into close proximity as to allow for dimeric interaction and potentially
enhance catalysis.
In this work, we investigate the effects of derivatizing Re(bpy)(CO)3Cl at the 4,4’ and
5,5’ positions using an alkylamine linkage to immobilize the catalyst on fumed silica. In
addition, we investigate the effect of using a dipodal (two-legged linker) versus
monopodal (one-legged linker) coupling agent to force proximity of the rhenium centers
on the surface with the possibility of inducing binuclear chemistry. This series of
materials allows us to probe the electronic effects of derivatization and the proximity of
the monopodal linker versus the dipodal linker. The materials were characterized using
a variety of spectroscopic techniques and tested photocatalytically both with and without
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the presence of a photosensitizer Ru(bpy)32+. Our results show that for both
derivatizations the dipodal linker outperformed the monopodal linker in photocatalysis
and derivatization at the 5,5’ position altered the electronics of the bipyridine ligand such
that catalysis was inhibited. These results show not only is the derivatization of the
ligand important but the choice of linker plays a role as well. This highlights the
importance of optimizing our linking strategy to achieve efficient surface immobilized
catalysts.
4.2

Experimental

4.2.1 Materials
Triethylamine (TEA), toluene, diethylether, dichloromethane (DCM), 3-aminopropyl
trimethoxysilane (APTMS), 2,2’-bipyridine, 4,4’-dimethyl-2,2’-bipyridine, 5,5’-dimethyl2,2’-bipyridine, azobisisobutyronitrile (AIBN),N-bromosuccinimde (NBS), pentacarbonyl
chlororhenium(I) (98%), hydrochloric acid, Poly(ethylene glycol)-block-poly(propylene
glycol)-block-polyethylene glycol) (Pluronic P-123), tetraethyl orthosilicate, N,N’-bis(3(trimethoxysilyl)propyl)ethylenediamine,

3-bromopropyl

trimethoxysilane,

nitrogen,

tetrahydrofuran, lithium diisopropylamide (LDA), 4,4’-dicarboxylic acid-2,2’-bipyridine,
triethanolamine,

dimethylformamide,

ruthenium(II)tris(bipyridine)Cl2,

carbon

tetrachloride, chloroform, methanol, ammonium hydroxide Aerosil 200 fumed silica,
silica gel. All reagents were used without further purification.
4.2.2 Synthesis
Synthesis of SBA-15
SBA-15 was synthesized according to previous literature methods. 106 4.0 g of Pluronic
123 was dissolved in 125 mL of 2 M HCl at 40 °C while stirring. Then 8.5 g of TEOS
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was added while stirring at 40 °C for 24 hours. The solution was transferred to an
autoclave and heated to 100 °C for 24 hours without stirring. The resulting white
precipitate was washed with water and left to dry in air overnight. The dried product was
then calcined at 550 °C for 6 h under O2.
Synthesis of Bromopropyl Functionalized SBA-15
200 mg of previously synthesized SBA-15 was dispersed in 50 mL of dry toluene under
a nitrogen atmosphere. 150 μmol of 3-bromopropyl trimethoxysilane was added and the
reaction mixture stirred for 2 days at room temperature. The product was collected via
centrifugation

and

washed

subsequently

with

toluene,

diethylether,

and

dichloromethane three times each then dried under vacuum.118-119
Synthesis of 3-aminopropyl Functionalized silica
400 mg of fumed silica was dried at 100 °C before it was dispersed in 100 mL of dry
toluene under an inert atmosphere. 240 μL of APTMS was added to the reaction
mixture and it was refluxed at 110 °C for 24 hours. The sample was recovered via
centrifugation and washed three times each with toluene, diethyl ether and DCM. After
washing the 3-aminopropyl functionalized silica was dried under vacuum.118-119
Synthesis of N,N’-bis(3-(trimethoxysilyl)propyl)ethylenediamine functionalized
silica
400 mg of fumed silica was dried at 100 °C before it was dispersed in 100 mL of dry
toluene under an inert atmosphere. 240 μL of EDTS was added to the reaction mixture
and it was refluxed at 110 °C for 24 hours. The sample was recovered via centrifugation
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and washed three times each with toluene, diethyl ether and DCM. After washing the 3aminopropyl functionalized silica was dried under vacuum.118-119
Synthesis of 4-bromomethyl-4’-methyl-2,2’-bipyridine
This procedure is based on previous literature methods.120 1g (5.4 mmol) of 4,4’dimethyl-2,2’-bipyridine and 1 g (5.6 mmol) of N-Bromosuccinimide were dissolved in 50
mL of carbon tetrachloride at which point a catalytic amount of AIBN (5 mg) was added.
The reaction mixture was refluxed at 77 °C overnight (~16 hours) under nitrogen. The
hot reaction mixture was then filtered and the filtrate was concentrated using rotary
evaporation. The resulting residue was purified using column chromatography (silica
gel, chloroform, methanol, NH4OH 97.75/2/0.25, v/v). Fractions containing target
product were concentrated on rotary evaporator resulting in an off-white powder. 1H
NMR (400 MHz, Chloroform-d) δ 8.65 (d, J = 5.0 Hz, 1H), 8.53 (d, J = 5.0 Hz, 1H), 8.41
(s, 1H), 8.22 (s, 1H), 7.35 – 7.31 (m, 1H), 7.13 (d, J = 5.0 Hz, 1H), 4.48 (s, 2H), 2.44 (s,
3H).
Synthesis of 5-bromomethyl-5’-methyl-2,2’-bipyridine
This procedure was adapted from previous literature methods. 121 1g (5.4 mmol) of 5,5’dimethyl-2,2’-bipyridine and 1g (5.6 mmol) of N-Bromosuccinimide were dissolved in 50
mL of carbon tetrachloride at which point a catalytic amount of AIBN (5 mg) was added.
The reaction mixture was refluxed at 77 °C for 16 hours under nitrogen. The hot
reaction mixture was then filtered and the filtrate was concentrated using rotary
evaporation. The resulting residue was purified using column chromatography (silica
gel, chloroform, methanol, NH4OH 97.75/2/0/25 v/v). Fractions containing target product
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were concentrated on rotary evaporator resulting in an off-white powder. 1H NMR (500
MHz, Chloroform-d) δ 8.68 (s, 1H), 8.55 – 8.47 (s, 1H), 8.38 (d, J = 8.2 Hz, 1H), 8.27 (d,
J = 8.1 Hz, 1H), 7.85 (d, J = 8.2 Hz, 1H), 7.68 – 7.58 (d, 1H), 4.54 (s, 2H), 2.40 (s, 3H).
Synthesis of 4-acetate-4’-methyl-2,2’-bipyridine
3 g (16.3 mmol) of 4,4’-dimethyl-2,2’-bipyridine was dispersed in 100 mL of dry THF
under inert atmosphere and cooled to -78 °C. 8.95 mL of 2 M lithium diisopropylamide
(18 mmol) was then added dropwise via syringe. The solution turned to a dark brown
upon the addition of LDA and was stirred for 3 hours. After 3 hours of stirring the
lithiated bipyridine was dumped into an Erlenmeyer flask containing 60 g of dry ice and
50 mL of anhydrous diethyl ether, immediately a white precipitate formed. The dry ice
was allowed to sublime overnight then an additional 50 mL of ether was added to the
flask. After all the dry ice had sublimed, the reaction mixture was extracted using 3 M
sodium hydroxide. After extraction, the water layer was acidified using hydrochloric acid
to pH 1 and extracted again using ether. The water layer was removed via rotary
evaporation. The recovered product was then dispersed in 200 mL of methanol with 200
μL of sulfuric acid and refluxed overnight. After refluxing the methanol was removed via
rotary evaporation and the recovered product was dispersed in 150 mL of 1 M sodium
hydroxide and extracted 3 times with ethyl acetate. The ethyl acetate was then removed
via rotary evaporation and the recovered

product was purified by column

chromatography using hexane:ethyl acetate (95:5).(0.990 g, 25% yield) 1H NMR (500
MHz, Chloroform-d) δ 8.63 (d, J = 5.0 Hz, 1H), 8.53 (d, J = 4.9 Hz, 1H), 8.31 (dd, J =
1.4, 0.7 Hz, 1H), 8.23 (dd, J = 1.5, 0.7 Hz, 1H), 7.28 – 7.26 (m, 1H), 7.14 (dd, J = 5.0,
1.5 Hz, 1H), 3.73 (s, 2H), 3.72 (s, 3H), 2.44 (s 3H).
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Synthesis of 4-methyl-4’-alkylamine-monopodal-silica
150 mg of previously synthesized 3-aminopropyl functionalized silica was dispersed in
chloroform along with 100 mg of 4-bromomethyl-4’-methyl-2,2’-bipyridine. The reaction
mix was refluxed for 17 hours at which point the sample was recovered via
centrifugation and washed with fresh DCM three times. The sample was then dried
under vacuum.
Synthesis of 5-methyl-5’-alkylamine-monopodal-silica
150 mg of previously synthesized 3-aminopropyl functionalized silica was dispersed in
chloroform along with 100 mg of 5-bromomethyl-5’-methyl-2,2’-bipyridine. The reaction
mix was refluxed for 17 hours at which point the sample was recovered via
centrifugation and washed with fresh DCM three times. The sample was then dried
under vacuum.
Synthesis of 4-methyl-4’-alkylamine-dipodal-silica
150 mg of previously synthesized N,N’-bis(3-(trimethoxysilyl)propyl)ethylenediamine
functionalized silica was dispersed in chloroform along with 100 mg of 4-bromomethyl4’-methyl-2,2’-bipyridine. The reaction mix was refluxed for 17 hours at which point the
sample was recovered via centrifugation and washed with fresh DCM three times. The
sample was then dried under vacuum.
Synthesis of 5-methyl-5’-alkylamine-dipodal-silica
150 mg of previously synthesized N,N’-bis(3-(trimethoxysilyl)propyl)ethylenediamine
functionalized silica was dispersed in chloroform along with 100 mg of 5-bromomethyl85

5’-methyl-2,2’-bipyridine. The reaction mix was refluxed for 17 hours at which point the
sample was recovered via centrifugation and washed with fresh DCM three times. The
sample was then dried under vacuum.
Synthesis of Re(I) Butyl Linkage
29.4 mg (0.16 mmol) of 4,4’-dimethyl-2,2’-bipyridine was placed in an inert atmosphere
of nitrogen and suspended in 10 mL of dry degassed THF. The suspension was cooled
to -78 oC and 0.15 mL of 2 M LDA solution (0.3mmol) were added via syringe. The
mixture was stirred for 30 minutes and then a suspension of 100 mg of 3-bromopropyl
silica in 2 mL of dry degassed THF was syringed in. The reaction was allowed to slowly
warm up to room temperature overnight while stirring and then quenched with 1 mL of
water. The solids were separated by centrifugation and washed with 10 mL of water,
3x10 mL of THF and 10 mL of diethyl ether. Drying under vacuum yields white powder.
The resulting white powder was then dispersed in 50 mL of toluene along with 57.8 mg
(0.16 mmol) Re(CO)5Cl and refluxed overnight to yield a light-yellow solid which was
collected via centrifugation and washed with toluene, diethyl ether, and dichloromethane
then dried under vacuum.
Synthesis of Re(I) Amide Linkage
78 mg (0.32 mmol) of 4,4’-dicarboxylic acid-2,2’-bipyridine was placed in an inert
atmosphere of nitrogen and suspended in 10 mL of thionyl chloride. The mixture was
stirred for 4 hours while refluxing. After reaction completion, excess thionyl chloride, HCl
and SO2 were removed under vacuum yielding 4,4’-bis(chlorocarbonyl)-2,2’-bipyridine.
200 mg of 3-aminopropyl functionalized silica was suspended in chloroform and
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syringed into the reaction vessel under nitrogen along with 120 μl of TEA. The reaction
mixture was refluxed for 4 hours and then recovered via centrifugation and
subsequently washed with chloroform, diethylether and DCM three times each. The
product was then dried under vacuum. The bipyridine immobilized on silica via amide
linkage was then suspended in 50 mL of toluene along with 115 mg (0.32 mmol) of
Re(CO)5Cl and refluxed overnight to yield a light yellow powder which was collected via
centrifugation and washed with toluene, diethyl ether, and dichloromethane then dried
under vacuum.118
Synthesis of Re(I) Alkylamine Linkage
84 mg (0.32 mmol) of 4-bromomethyl-4’-methyl-2,2’-bipyridine was suspended in 50 mL
of chloroform along with 200 mg of either 3-aminopropyl silica or EDTS silica and 120 μl
of TEA. The reaction was refluxed overnight while stirring and after reaction the sample
was recovered via centrifugation. The sample was then washed with chloroform,
diethylether and DCM three time each at which point it was dried under vacuum. The
resulting material was then dispersed in 50 mL of toluene along with 115 mg (0.32
mmol) Re(CO)5Cl and refluxed overnight to yield a light-yellow powder which was
collected via centrifugation and washed with toluene, diethyl ether, and dichloromethane
three times each then dried under vacuum.
Synthesis of Re(I) Alkylamide Linkage
77 mg (0.32 mmol) of 4-methylester-4’-methyl-2,2’-bipyridine was suspended in 50 mL
of chloroform along with 200 mg of either 3-aminopropyl silica or EDTS silica. The
reaction was refluxed overnight while stirring and after reaction the sample was
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recovered via centrifugation. The sample was then washed with chloroform, diethylether
and DCM three time each at which point it was dried under vacuum. The resulting
material was then dispersed in 50 mL of toluene along with 50 mg Re(CO)5Cl and
refluxed overnight to yield an off-white powder which was collected via centrifugation
and washed with toluene, diethyl ether, and dichloromethane three times each then
dried under vacuum.
4.2.3 Characterization
Samples immobilized on silica were acid digested after synthesis in order to perform
elemental analysis. Metal content was analyzed on a Varian Vista AX induced coupled
plasma atomic emission spectrometer (ICP-AES). UV-visible spectra were collected
using a Cary 50 Bio spectrophotometer equipped with a Barrelino diffuse reflectance
probe for analysis of powder samples with BaSO4 as a background material. Surface
area and pore size distributions of porous materials were obtained using a NOVA 2200s
Surface Area and Pore Size Analyzer. ATR infrared spectra were collected on a Thermo
Nicolet iS10 FTIR spectrometer. Diffuse reflectance infrared spectra were collected
using a Thermo 6700 FTIR spectrometer equipped with a Harrick praying mantis
attachment for powdered sample analysis.
4.2.4 Photocatalytic Testing
For photocatalytic CO2 reduction test, typically ~10 mg of material was dispersed in 4
mL of 3:1 DMF/TEOA in a 8.7 mL test tube with a stir bar. The test tube was sealed with
a septum and purged with CO2 (99.999%, Airgas) for 30 minutes in dark. After purging
the reaction mixture was irradiated with a 300 W Xenon arc lamp equipped with a water
filter and an AM 1.5 optical filter for solar simulated light, with the lamp intensity fixed at
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100 mW/cm2. The head space gasses were analyzed on an Agilent 7820 Gas
Chromatograph with a Thermal Conductivity Detector (TCD) and a 60/80 Carboxen1000 packed column (Supelco).
4.3

Results and Discussion

In previous work, we have immobilized rhenium tricarbonyl catalysts on silica using an
amide linkage. This amide linker, shown in Figure 49, serves as a facile method using
click chemistry to attach our complexes to the silica surface in order to promote close
proximity of rhenium centers. The use of an amide group directly adjacent to the
bipyridine ring proved to decrease the overall activity when compared to the
underivatized Re(bpy)(CO)3Cl catalyst.
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Figure 49. Structures of various surface immobilized tricarbonyl Re(I) complexes.

In this study, we aim to use an alkylamine linker to decrease electron withdrawing
effects and increase the flexibility of the linkage. Compared to previously studied amide
linkages, this strategy should cause less deleterious effects due to derivatization and
provide the catalyst more rotational freedom allowing for favorable orientations to
promote bimetallic interactions. A series of four alkylamine linkages were examined to
probe the effects of this new linkage as well as use both monopodal and dipodal
coupling agents to help orient the rhenium centers within close proximity of each other
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allowing for the possibility of dimeric interactions. The various alkylamine linkages,
shown in Figure 49, are derivatized at either the 4,4’ position or the 5,5’ position to
probe electronic effects, if any, that derivatizing the bipyridine may have. The other
variation between the samples is the utilization of either a monopodal linker or a dipodal
linker. Using the dipodal linkage over the monopodal linkage should allow for much
closer proximity as two metal centers can be covalently bound to the same silane
coupling agent as opposed to relying on the surface density of sites to promote
bimetallic chemistry. For the synthesis of these linkages the derivatization of the
bipyridine was carried out in a manner which allowed for only one reactive group to
couple to the surface immobilized linker. This ensured that the bipyridine was not able
to react to two separate linkages as was the case in previous studies. 52 This approach
provides a few major advantages. First it allows for a more favorable orientation of the
catalytic center to promote bimetallic interactions between metal-centers. Second,
having only one arm of the bipyridine linked allows for more flexibility of the catalyst on
the surface again, allowing for more favorable orientations to promote bimetallic
interactions. And lastly it provides a more homogeneous surface to characterize and
study.
UV-vis spectra for Re-4-Alk-A show a MLCT transition at 388 nm while Re-4-Alk-D has
a MLCT at 397 nm compared to the derivatization at the 5,5’-position where Re-5-Alk-A
has a MLCT at 380 nm and Re-5-Alk-D at 384 nm. Although subtle, the difference in
MLCT transitions for these complexes shows that the dipodal linker red shifts the MLCT
by 5-10 nm in both the case of the 5,5’ and 4,4’. When we compare the two differing
derivatizations we see there is a slightly larger red shift in the MLCT in the 4,4’ samples
91

of 8-13 nm. We see only a slight change in the MLCT when we alter the linkage and the
position where the bipyridine is derivatized. However, more importantly the
derivatization itself is what causes a large red shift compared to the underivatized
Re(bpy)(CO)3Cl which has a MLCT of 365 nm.

Figure 50. Diffuse reflectance UV-visible spectra of a) Re-4,4-Alk-APTMS (red), b) Re5,5’-Alk-APTMS (black), c) Re-4,4’-Alk-Dipodal (green), d) Re-5,5’-Alk-Dipodal (blue).

In previous studies, Liu et al. prepared a series of homogenous rhenium tricarbonyl
complexes which were derivatized with an electron withdrawing pendant amide group
and an electron donating reverse amide pendant group. 52 When compared to the
underivatized complex (369 nm) they observed that electron donating substituents
caused a blue shift in the MLCT (365nm) whereas electron withdrawing substituents
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caused a red shift (396 nm). The choice of using an alkyl amine linker was to decrease
the electron withdrawing nature of previously utilized amide linkers and cause less
perturbation of the MLCT. As shown in Figure 51, the Re-4-Alk-D sample exhibits an
MLCT transition which is not far from Re-4-Amide-D which has an MLCT of 401 nm
indicating that the linkage is electron withdrawing. The alkyl amine linker should be
mildly electron donating, however, based on the UV-vis spectra, the linker seems to be
electron withdrawing. Protonation of an amine causes a drastic change in the electron
donating-withdrawing properties, turning the electron donating amine to an electron
withdrawing ammonium which under our conditions may be the case.

Figure 51. Diffuse reflectance UV-visible spectra of a) Re-4-Alk-D (green) and b) Re-4Amide-D (orange).
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A butyl linkage was synthesized in order to create a linker which would have a very
weak electron donating group adjacent to the bipyridine ring. When compared to Re-4Alk-D the Re-4-Butyl-A linker has an MLCT of 358 nm (Figure 52) which again follows
the trend of decreasing the MLCT with increasing electron donating ability of the
substituent. Using a butyl linker would also allow the catalyst to be more flexible and
potentially orient itself in a manner which would promote dimeric interaction.

Figure 52. Diffuse reflectance UV-visible spectra of a) Re-4-Alk-D (green) and b) Re-4Butyl-A (purple).

DRIFTS spectra of the four samples, shown in Figure 53, show successful synthesis of
the alkylamine linkages as characterized by the carbonyl stretches at 2030 cm -1, 1930
cm-1, and 1887 cm-1. This also points to an electron withdrawing linkage due to the fact
that the CO stretching frequencies are higher compared to those of the parent complex
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which occur at 2017 cm-1, 1917 cm-1, and 1897 cm-1 this shift was also observed in the
work done by Liu et al.52 Methylene stretching modes for the linkage can be seen in the
2800-3000 cm-1 region, and for the monopodal linkers the N-H bending mode can be
observed at 1590 cm-1. Peaks around 1450 cm-1 and 1600 cm-1 correspond to
vibrational modes of the aromatic C=C modes of the bipyridine ligand. Surface silanols
are also not present indicating the majority of silanols reacted with the silane coupling
agent as no peak is present at 3745 cm-1.53

Figure 53. DRIFTS-IR spectra of a) Re-4,4-Alk-APTMS (red), b) Re-4,4’-Alk-Dipodal
(green), c) Re-5,5’-Alk-Dipodal (blue), d) Re-5,5’-Alk-APTMS (black).
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To probe the activity of these samples photo catalysis was run and the production of CO
was monitored over time. It is standard to report TON or catalytic materials as this
describes how many times a catalytic site can proceed through the catalytic cycle
before becoming inactive. TON is a measure of the moles of product over the moles of
catalyst present in the system, shown in equation 4-1.

𝑇𝑂𝑁 =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑂
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑅𝑒(𝐼)

Equation (4-1)

To obtain moles of rhenium in a given sample the samples are acid digested and
analyzed for rhenium content using inductively coupled plasma atomic emission
spectroscopy (ICP-AES). From this the moles of rhenium per amount of silica can be
calculated. The loading of rhenium for each sample is shown in Table 4-1.
Table 4-1. Loading of rhenium on various silica samples. Reported as μmol of Re per 10
mg of silica.

Sample

Re Loading
(μmol of Re/10 mg of silica)

Re-4-Alk-A
Re-4-Alk-D
Re-5-Alk-A
Re-5-Alk-D
Re-4-Amide-A
Re-4-AlkAmide-A

4.6
2.2
4.8
2.7
3.3
5.2

Under photocatalytic conditions the CO production for Re-4-Alk-D and Re-4-Amide-D,
shown in Figure 54, indicate that the alkylamine linkage shows an enhancement in
catalytic activity over the amide linkage with a TON of 8.6 and 6.2 respectively.
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Regarding the error associated with quantification of the CO produced, many variables
are present. Including, homogeneity of the light source, measurements associated with
sample preparation, and measurements associated with sampling of the photocatalytic
reactor, making it difficult to quantify the error in the measurements. Additionally, all CO
production tests were run once. With regards to catalytic activity this data suggests the
alkylamine linker may be advantageous for surface immobilization strategies. This small
increase in photocatalytic activity could possibly be due to the minor shift in MLCT from
the amide to the alkylamine linkage, the amide MLCT is at 401 nm while the alkylamine
is at 397 nm. This small difference could potentially provide additional driving force for
the electron transfer needed for CO2 reduction being that the alkylamine excited state is
at a slightly higher energy.
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Figure 54. Photocatalytic CO2 reduction for a) Re-4-Alk-D (green) and b) Re-4-Amide-D
(orange) under simulated solar irradiation in a DMF-TEOA (3:1 v/v) solution.

The effects of substitution of the 4,4’ versus the 5,5’ play a role in the photocatalytic
activity of these immobilized rhenium tricarbonyl complexes. Looking at the CO
production of Re-4-Alk-D and Re-5-Alk-D we can see a marked reduction in activity
when the bipyridine ligand is substituted at the 5,5’ position with Re-4-Alk-D and Re-5Alk-D having TONs of 8.6 and 1.5 respectively. Similar results were shown by Fenton et
al. when they utilized amide linkers to derivatize the bipyridine at the 4,4’ and 5,5’
positions.122 They report a significant reduction in photocatalytic activity as well in
addition to an observed color chance which is not seen for Re-5-Alk-D. In another study
done by Argazzi et al. they synthesized ruthenium polypyridyl compounds for dyesensitization of TiO2 electrodes for generation of photocurrent under visible light
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irradiation.97

They

synthesized

both

4,4’-carboxylate-2,2’-bipyridine

and

5,5’-

carboxylate-2,2’-bipyridine ligands for anchoring the ruthenium complexes to the TiO 2
surface. The authors also report decreased charge transfer in the 5,5’ functionalized
bipyridine complexes and attribute this to a reduction in the energy level of the π* orbital
of the bipyridine due to the derivatization.97 This reduction could be directly related to
the decreased photocatalytic activity of the 5,5’-alkylamine linkages.

Figure 55. Photocatalytic CO2 reduction for a) Re-4-Alk-D (green) and b) Re-5-Alk-D
(blue) under simulated solar irradiation in a DMF-TEOA (3:1 v/v) solution.

In addition to varying the derivatization, we investigated the effects of forced proximity of
the rhenium centers. By utilizing a dipodal linkage with two reactive amine sites as
opposed to the monopodal coupling agent which only has one reactive amine per site
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we were able to successfully synthesize catalytic sites which contained two metal
centers adjacent to each other in order to promote bimetallic CO 2 reduction chemistry.
As seen in Figure 55, Re-4-Alk-D significantly outperformed Re-4-Alk-A under
photochemical testing conditions. Re-4-Alk-D had a TON of 8.6 compared to the Re-4Alk-A which only produced a TON of 1.8, over a 4-fold increase in activity. Similarly, for
the 5,5’ derivatization Re-5-Alk-D showed better photocatalytic activity over Re-5-Alk-A
with TONs of 1.5 and 0.7 respectively. This finding suggests that using a linkage which
allows for the catalytic centers to be in such close proximity allows for cooperative
chemistry between the metal centers.

Figure 56. Photocatalytic CO2 reduction for a) Re-4-Alk-D (green) and b) Re-4-Alk-A
(red) under simulated solar irradiation in a DMF-TEOA (3:1 v/v) solution.
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In the presence of a photosensitizer, in this case Ru(bpy)32+, a slight increase in the
photocatalytic activity of Re-4-Alk-D is observed. Under these conditions the TON
increases from 8.6 to 10.2. Re-5-Alk-D in the presence of Ru(bpy)32+ exhibited a much
greater increase in CO production likely due to the fact that the π* orbital is lower in
energy than that of the 4,4’ derivatized complex enhancing charge transfer between the
excited Ru(bpy)32+ and the rhenium complex.97
Table 4-2. TONs after 120 minutes for various surface immobilized tricarbonyl Re(I)
samples. 10 mg of sample dispersed in 4 mL of 3:1 DMF:TEOA purged with CO2 for 30
minutes in dark and irradiated with 100 mW/cm2 solar simulated light. For samples with
Ru(bpy)32+, 3 mg of Ru(bpy)32+ was added.

Sample

TON

Re-4-Alk-A

1.8

Re-4-Alk-D

8.6

Re-5-Alk-A

0.7

Re-5-Alk-D

1.5

Re-4-Alk-D + Ru(bpy)32+

10.2

Re-5-Alk-D + Ru(bpy)32+

4.5

Re-4-Amide-A

6.2

Re-4-Butyl-A

~0

Re-4-AlkAmide-A

~0

Design of an additional linker with the aim of optimizing the surface immobilized
tricarbonyl Re(I) complex was carried out. From previous studies, we have found the
electron donating and withdrawing properties of substituents to influence the catalytic
properties of the immobilized complex. Since the alkylamine linkage was found to have
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been protonated, a drastic change in the substituents electron donating ability was
observed. Changing the amine group in the linker to a less basic amide would prevent
protonation of the linkage and allow for a carbon spaced linkage with less electron
withdrawing character. Compared to the previously studied amide linkage, the extra
carbon would make for a more flexible linkage in addition to disrupting conjugation with
the amide bond which has been previously shown to be detrimental to catalysis. We
were able to synthesize 4-acetate-4’-methyl-2,2’-bipyridine to ensure the tricarbonyl
Re(I) would be attached only to one surface linker. This strategy ensures a more flexible
linkage allowing for proper orientation of catalytic sites to promote bimetallic
interactions. This catalyst showed almost no activity under photocatalytic conditions.
Shown in Figure 57 are the UV-vis spectra of both Re-4-AlkAmide-A and Re-4AlkAmide-D. These spectra indicate the loading of catalyst on the silica surface is low.
This low loading is attributed to the less reactive ester-amine coupling reaction used to
link the bipyridine ligand to the surface. For previous amide linkages, an acylchloride
group was utilized to couple the bipyridine to surface amines which is much more
reactive than the ester group. The use of an ester in this linkage design was preferable
due to synthetic challenges related to selectively converting one pendant group to a
reactive group as well as separation and purification.
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Figure 57. UV-visible spectra of a) Re-4-Alkylamide-D (pink) and b) Re-4-Alkylamide-A
(brown).

Figure 58. DRIFTS spectra of a a) Re-4-Alkylamide-D (pink) and b) Re-4-Alkylamide-A
(brown).
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Figure 59. Linker design progression for optimization of surface immobilized tricarbonyl
Re(I) complexes

Figure 60. Linker design strategies to probe substitution effects and proximity effects.

To gain insight as to the mechanistic aspects of catalysis in regard to the various
linkages and derivatizations typically solid state infrared DRIFTS experiments are
carried out under photocatalytic conditions. In a typical experiment a small amount of
the catalyst immobilized on silica is ground with TEOA and KBr. This mixture is then
loaded into the DRIFTS cell and purged with argon to ensure an inert atmosphere. The
addition of TEOA to the catalyst results in the formation of a CO2-TEOA-Re(bpy)(CO)3Cl
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adduct shown in Figure 61 as previously demonstrated by Ishitani et al.31 This adduct is
attributed to be the catalytically active species in this system.

Figure 61. Structure of CO2-TEOA-Re(bpy)(CO)3Cl adduct.

Figure 62. Structure of Re(bpy)(CO)3OH.

Shown in Figure 63 Re-4-Alk-D are the carbonyl IR spectra for the sample without the
presence of TEOA at 2026 cm-1, 1926 cm-1, 1882 cm-1. Upon grinding with TEOA under
argon the CO bands shift to 2019 cm-1, 1916 cm-1, 1891 cm-1, this shift corresponds to
the formation of the CO2-TEOA adduct.31 In addition to the formation of the CO2-TEOA
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adduct the appearance of an entirely new set of bands is observed at 1997 cm-1, 1878
cm-1, 1851 cm-1.17,

61

These bands correspond to a Re-OH adduct which has been

reported in the literature shown in Figure 62. Upon introduction of CO2 into the cell a
broad peak at 1685 cm-1 appears, this peak corresponds to surface carbonates which
form on the silica surface in the presence of CO2.123

Figure 63. DRIFTS spectra of a) Re-4-Alk-D ground with KBr and TEOA under CO2
(black), b) Re-4-Alk-D ground with KBr and TEOA under argon (gray), and c) Re-4-AlkD (green).

DRIFTS of Re-4-Alk-D under isotopic

13CO

2

indicates that the peak appearing at 1658

cm-1 is in fact due to the CO2. The peak at 1658 cm-1 shifts to 1612 cm-1 indicating the
isotopic CO2 is interacting with the silica surface and forming carbonates. The carbonyl
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bands in the 2050-1800cm-1 do not show a shift under these conditions likely due to the
fact that TEOA itself contains dissolved non-isotopic CO2. Atmospheric CO2 could be
incorporated into the CO2-TEOA adduct prior to exposure to isotopic CO2 resulting in no
noticeable isotope shift.

Figure 64. DRIFTS spectra of a) Re-4-Alk-D ground with KBr and TEOA under 13CO2
(gray) and b) Re-4-Alk-D ground with KBr and TEOA under 12CO2 (green).

When Re-4-Alk-D ground with KBr and TEOA is loaded into the DRIFTS cell and
irradiated with a xenon arc lamp equipped with an AM 1.5 optical filter, changes in the
IR spectra can be observed (Figure 64). Before Irradiation we see the CO bands
corresponding to both the CO2-TEOA adduct as well as the Re-OH adduct shown
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previously and after irradiation we can see shifts in these CO bands corresponding to
various adduct formation under light irradiation as well as the appearance of 1720 cm -1
region and the 1560 cm-1 region.

Figure 65. DRIFTS of Re-4-Alk-D with KBr/ TEOA grind under photocatalytic conditions
with b) time 0 minutes (black) and a) 120 minutes (green)

Looking at the difference spectra of the successive scans taken over the course of the
experiment we can more accurately examine the formation and disappearance of
different adducts under light irradiation. Initially bands at 2017 cm -1, 1913 cm-1, 1889
cm-1 can be seen growing in followed by the growth of bands at 2003 cm -1, 1909 cm-1,
1866 cm-1. These two sets of CO stretches correspond to two adducts of
Re(bpy)(CO)3COOH and Re(bpy)(CO)3COH.18, 61, 124 The first set of bands which grow
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in correspond to the Re-formato species (Re(bpy)(CO)3COOH) and then the Re-formyl
species (Re(bpy)(CO)3COH) becomes more prominent. In addition, there is a decrease
in the Re-OH species as the bands at 1993 cm-1 and 1842 cm-1 are decreasing.

Figure 66. DRIFTS difference spectra of Re-4-Alk-D ground with KBr and TEOA under
CO2. Scans were taken at 2, 4, 6, 8, 10, 30, 60, 90, and 120 minutes.

As further evidence that these two adducts are in fact forming under light irradiation,
there are two additional bands which appear corresponding to the C=O stretches of
each adduct. At 1592 cm-1 a small shoulder appears on a much more prominent peak at
1558 cm-1. The peak at 1592 cm-1 is the C=O stretch of the Re-formato species which
forms at first but after prolonged irradiation more Re-formyl is generated and the C=O
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stretch at 1558cm-1 becomes more prominent.18,

61

At the same time, the initial

Re(bpy)(CO)3Cl species is being converted to the Re-formato and Re-formyl
corresponding to the observed decrease in bands at 2026 cm -1, 1930 cm-1, and 1897
cm-1. Since CO2 reduction to CO is a two proton and two electron process, the TEOA
serving as the sacrificial electron donor in this case, serves to provide the two protons
and two electrons necessary to reduce CO2 to CO. A peak at 1722 cm-1 becomes quite
prominent as catalysis proceeds, this peak is related to the oxidation of TEOA. When
the alcohol group on the TEOA is oxidized to the aldehyde form the C=O stretch of the
resulting aldehyde appears at 1722 cm-1.125 This indicates that TEOA is donating both
protons and electrons during the catalytic cycle leaving it in its oxidized form, similar to
what was shown by Agarwal et al. for a system using TEA.19
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Figure 67. DRIFTS difference spectra of Re-4-Alk-D ground with KBr and TEOA under
CO2. Scans were taken at 2, 4, 6, 8, 10, 30, 60, 90, and 120 minutes.

Examining the DRIFTS spectra of Re-4-Alk-A quite minor changes occur relative to Re4-Alk-D. This is likely due to the decreased activity and thus less production of adducts
during photocatalytic testing. However, there are shifts still present which provide some
insight as to different species forming. Similar to Re-4-Alk-D, the presence of the TEOACO2 adduct as well as the Re-OH adduct are observed from the start of photocatalysis
characterized by the two sets of bands appearing at 2019 cm -1, 1916 cm-1, 1891 cm-1
and 1997 cm-1, 1878 cm-1, 1851 cm-1.
Since the changes in the spectrum are so small examination of the difference spectrum
provides much more insight as to the relative changes in the CO bands of the rhenium
tricarbonyl. Upon initial light irradiation, we again see the formation of a set of carbonyl
bands at 2013 cm-1, 1911 cm-1, and 1885 cm-1. This again corresponds to the Reformato species, however after 30 minutes of irradiation more formation of Re-formyl is
occurring as bands at 2004 cm-1, 1909 cm-1, and 1880 cm-1 begin to appear. The
presence of these bands indicates some of the catalyst is undergoing catalysis to
produce CO but the most prominent set of carbonyl bands appear at 1993 cm -1 and
1843 cm-1. These indicate there is a significant amount of Re-OH being produced by
this sample. The Re-OH adduct has been shown to be a catalytically dead pathway as
the hydroxyl ligand is much less labile than any other of the catalytic intermediates
preventing the catalyst from turning over.51
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Figure 68. DRIFTS difference spectra of Re-4-Alk-A ground with KBr and TEOA under
CO2. Scans were taken at 2, 4, 6, 8, 10, 30, 60, 90, and 120 minutes.

Figure 69 shows a prominent peak at 1558 cm-1. This confirms the formation of Reformyl over Re-formato compared the Re-4-Alk-D where the shoulder at 1592 cm-1 was
more present indicating the formation of the formato species. This key difference in
adduct formation during catalysis may provide insight as to how this forced proximity
alters the mechanistic pathway for catalysis. With the more isolated sites in the Re-4Alk-A sample the formation of Re-OH is quite significant whereas with Re-4-Alk-D there
is actually a decrease in Re-OH. This could indicate that with close proximity there is a
possible cooperative interaction between the two metal centers preventing, or
consuming the Re-OH. Considering Re-4-Alk-D shows a decrease in Re-OH it may be
more plausible that a bimetallic interaction may in fact be aiding in the conversion of Re-
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OH and progressing the catalytic cycle where with isolated sites in Re-4-Alk-A there’s
less possibility for cooperative interaction resulting in a buildup of Re-OH and a
decrease in catalytic turnover.

Figure 69. DRIFTS difference spectra of Re-4-Alk-A ground with KBr and TEOA under
CO2. Scans were taken at 2, 4, 6, 8, 10, 30, 60, 90, and 120 minutes.

Looking at the Re-5-Alk-A sample there is again initial formation of the Re-formyl adduct
characterized by stretches at 2006 cm-1, 1907 cm-1,1885 cm-1,1558 cm-1. At the same
time, peaks at 2017 cm-1, 1888 cm-1, and 1860 cm-1 appear. Interestingly this is a
species which was not observed in any other samples. These peaks correspond to ReOCOOH, a carbonate adduct. As additional evidence that Re-OCOOH is forming, the
presence of a peak at 1617 cm-1 confirms this as it corresponds to the C=O stretch of
113

the bound carbonate. Two less intense peaks appear at 1988 cm-1 and 1872 cm-1.
Literature values assign these to be the oxidized form of the Re-OCOOH adduct.18
Compared to all other samples we don’t see the appearance of the 1722 cm-1 peak
corresponding to the oxidation of TEOA. This may indicate that the Re-OCOOH is being
oxidized over the TEOA. Re-5-Alk-A also had the lowest activity of all four samples and
with the formation of this Re-OCOOH adduct it may indicate that carbonate adducts are
a dead catalytic pathway.

Figure 70. DRIFTS difference spectra of Re-5,5’-Alk-APTMS ground with KBr and
TEOA under CO2. Scans were taken at 2, 4, 6, 8, 10, 30, 60, 90, and 120 minutes.
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Figure 71. DRIFTS difference spectra of Re-5,5’-Alk-APTMS ground with KBr and
TEOA under CO2. Scans were taken at 2, 4, 6, 8, 10, 30, 60, 90, and 120 minutes.

In Re-5-Alk-D, significant Re-OH formation is occurring after prolonged irradiation. As
with all other samples, the formation of Re-formyl is also present. Interestingly a peak at
1692 cm-1, which is present in all samples (quite small although present in Re-4-Alk-A)
begins to form and then after an hour begins to decrease as if it is being consumed. For
all other samples, it grows in but does not decrease after any amount of time. It is
difficult to assign what a peak at 1690 cm -1 would be as many C=O type products
appear in this region.
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Figure 72. DRIFTS difference spectra of Re-5,5’-Alk-Dipodal ground with KBr and
TEOA under CO2. Scans were taken at 2, 4, 6, 8, 10, 30, 60, 90, and 120 minutes.
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Figure 73. DRIFTS difference spectra of Re-5,5’-Alk-Dipodal ground with KBr and
TEOA under CO2. Scans were taken at 2, 4, 6, 8, 10, 30, 60, 90, and 120 minutes.

Looking at Re-4-Alk-D under isotopic 13CO2 it is evident that some peaks shift from nonisotopic CO2. The shifted peaks are 1558 cm-1, 1592 cm-1, and 1690 cm-1. This shows
that these shifted peaks come from the isotopic CO2 and not any other additional
carbon source which may be present. Previously, 1722 cm -1 was assigned to the
oxidation of the alcohol group on TEOA. The value of 1722 cm -1 has been reported in
the literature but additionally we see no effect on the peak position upon

13C

labeling

further proving that the carbon in that carbonyl did not come from the isotopic CO2.
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Figure 74. DRIFTS difference spectra of Re-4-Alk-D ground with KBr and TEOA under
13CO . Scans were taken at 2, 4, 6, 8, 10, 30, 60, 90, and 120 minutes.
2

4.4

Summary

In summary, we successfully derivatized and covalently linked rhenium tricarbonyl onto
silica surfaces in a variety of ways. Initially our immobilization strategy was to utilize an
amide linker and a monopodial silica coupling agent. This showed derivatization of the
bipyridine ligand with an electron-withdrawing group was detrimental to the catalytic
activity. Utilizing an alkylamine linker as an electron-donating group, we found the
activity of this linkage was slightly better than the amide. Due to the basic nature of the
amine group the linkage ends up getting protonated under our photocatalytic conditions
and becomes an electron-withdrawing group red-shifting the MLCT similar to the amide.
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Further attempts to alter the derivatization were made by changing the position of the
substituent on the bipyridine. Derivatization at both the 4,4’ and 5,5’ was achieved.
Under photocatalytic conditions 4,4’ derivatization outperformed the 5,5’. This is likely
due to the fact that 5,5’ derivatization with an electron withdrawing group lowers the
energy of the π* orbital.97
In order to achieve closer proximity of the rhenium metal centers a dipodal silane
coupling agent was used to link two metal centers to the same linkage. For both the 4,4’
and 5,5’ derivatizations an enhancement in catalysis was observed with the utilization of
the dipodal linkage. To probe differences in catalytic activity and gain mechanistic
insight, in-situ DRIFTS was used to monitor adduct formation in the samples. The most
active sample Re-4-Alk-D formed Re-formyl and Re-formato under catalytic conditions
while Re-5-Alk-D also formed formyl and formato adducts but also a significant amount
of Re-OH. No formato adduct was present in either of the monopodal linkers although
both produced formyl adduct. Re-4-Alk-A primarily formed Re-OH while Re-5-Alk-A
formed primarily Re-OCOOH. Both the Re-OH and Re-OCOOH adducts seem to
greatly reduce catalytic activity.
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V.

CONCLUDING REMARKS

Solar energy is the largest renewable resource we have available to us. Ways in which
we can harvest this energy resource haves been the topic of much recent scientific
research. Of the various methods to harness the energy of the sun, artificial
photosynthetic systems provide much promise as our dependence on fossil fuels has
caused a large increase in atmospheric CO2 over the last 50+ years. This increase in
atmosphere CO2 has been linked to various environmental issues which are becoming
more of a problem such as rising sea levels, climate change, ocean acidification etc. A
system which could convert CO2 to fuel or higher value products would address the
need for renewable energy as well as provide a means to recycle the CO 2 which has
already been expelled into the atmosphere. The conversion of CO2 to fuel requires a
large energy input as CO2 is a very stable form of carbon. This requires the use of
robust catalysts which can either photochemically or electrochemically reduce CO 2.
Rhenium tricarbonyl catalysts have been used for the photo and electrochemical
reduction of CO2 since their discovery in the early 1980’s. Previous literature has
postulated a dimeric mechanism of CO2 reduction for this catalyst although no
spectroscopic evidence exists to confirm this under photochemical conditions. Using
polymeric materials, we aimed to promote these dimeric interactions although the
integration of these rhenium tricarbonyl catalysts into the polymeric systems proved to
be deleterious to the catalytic activity. For Re(bpy) polymerized into an alkyl backbone
with amide groups derivatized on the bipyridine ring, we saw a decrease in activity from
the parent complex due to the electron withdrawing nature of the amide groups. When
polymerized into a conjugated system the activity decreased even further illustrating
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that the extended conjugation does not enhance catalytic activity. A better way to
increase visible light absorption is necessary without decreasing the MLCT energy by
too much. Potentially using a photoactive support which the Re(bpy) is not directly
conjugated into could address this problem. Non-covalent attachment of Re(bpy) to
electrode surfaces using weak molecular interactions of alcohol pendant groups proved
to enhance the catalytic current indicating this is a viable approach the enhance the
electrocatalytic activity of Re(bpy).
Physical adsorption of Re(bpy) and Mn(bpy) into mesoporous silica demonstrated the
binding strength of rhenium over manganese by investigating surface adduct formation.
By monitoring the formation of a surface carbonate adduct with the catalysts, we were
able to elucidate binding data for both Re(bpy) and Mn(bpy). This provides insight as to
the superiority of rhenium as a CO2 reduction catalyst over manganese in addition to
manganese’s poor photostability. This work also showed that “inert” surfaces, such as
silica, still possess the capability of interacting with these catalysts.
Covalent attachment of these catalysts to silica surfaces allowed for the characterization
of catalytic adduct formation at the gas-solid interface as well as the interrogation of
various linkers and their effect on the catalytic activity of the complex. A relationship
between electron withdrawing and donating substituents and the MLCT was
investigated and indicated that electron withdrawing linkers cause a red shift and
electron donating cause a blue shift in the MLCT. Additionally, it was found that the
utilization of an amine in the linkage is likely pH dependent and the protonation of this
amine causes a drastic change in the electron donating withdrawing ability of the
linkage leading to very different photophysical properties than intended.
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VI.

APPENDIX A: SUPPLEMENTARY FIGURES

Figure 75. Transmission infrared spectrum of Mn-SBA-15 under vacuum (top trace) and
100 torr CO2 + TEA (bottom trace) with subsequently reduced pressure until vacuum is
reached.
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Figure 76. Transmission infrared spectrum of Re-SBA-15 under vacuum (top trace) and
65 torr CO2 + TEA (bottom trace) with subsequently reduced pressure until vacuum is
reached.

Figure 77. Normalized peak splitting for Re-SBA-15 with varying initial pressures of TEA
in the cell of a) 7 torr b) 6 torr and c) 4 torr.
123

Figure 78. Diffuse reflectance UV-Visible spectrum of Mn-SBA-15 showing the MLCT of
the manganese complex at 407 nm.

Figure 79. Transmission infrared of Mn-SBA-15 under vacuum with manganesecarbonyl bands at 2029 cm-1, 1935 cm-1, and 1924 cm-1.
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Figure 80. CO production in photocatalytic CO2 reduction testing for a) Re-4,4’-AlkDipodal + Ru(bpy)32+ (orange) and b) Re-4,4’-Alk-Dipodal (green).
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Figure 81. CO production in photocatalytic CO2 reduction testing for Re-5,5’-Alk-Dipodal
(blue) and Re-5,5’-Alk-Dipodal + Ru(bpy)32+ (orange).
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Figure 82. DRIFTS difference spectra of Re-5,5’-Alk-Dipodal ground with KBr and
TEOA under 13CO2. Scans were taken at 2, 4, 6, 8, 10, 30, 60, 90, and 120 minutes.
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Figure 83. DRIFTS of Re-5-Alk-A with KBr/ TEOA grind under photocatalytic conditions
with time a) 120 minutes (black) and b) 0 minutes (gray).
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Figure 84. DRIFTS of Re-4-Alk-A with KBr/ TEOA grind under photocatalytic conditions
with time a) 120 minutes (red) and b) 0 minutes (black).
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Figure 85. DRIFTS of Re-5-Alk-D with KBr/ TEOA grind under photocatalytic conditions
with time a) 120 minutes (blue) and b) 0 minutes (black).
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Figure 86. CO calibration curve for conversion of gas chromatograph peak area to
percent CO.
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